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FOREWORD

Tussock moths constitute the major for-
est pest throughout the world. While similariti=s
in ecology, behavior, natural enemies, and
means of control may be similar for different
Lymantriid species, no previous effort had been
made to synthesize this information.

These proceedings resulted from a five-
day conference held in June 1988 at the Park
Plaza Hotel in New Haven, CT. It offered scien-
tists from Canada, the Soviet Union, the Peo-
ple’s Republic of China, Great Britain, Switzer-
land, Japan, the Federal Republic of Germany,
Denmark, Poland, the Netherlands, and the
United States the unique opportunity to presant
research findings. Just as important, it provided
a forum by which to discuss research issues
and needs, clarify terminology and enhance in-
ternational collaboration. The importance and
timeliness of the conference was recognized ty
the USDA Forest Pest Sciences Competitive
Grants Program, which provided funds for de-
fraying travel expenses for invited foreign partic-
ipants. The International Union of Forest Re-
search Organizations (IUFRO) was th2
mechanism for identifying participants and, tc-
gether with the Northeastern Forest Experimernt
Station which, published these proceedings,
co-sponsored the Conference.

The conference agenda allowed each
participant 45 minutes for a presentation, fol-
lowed by a 15-minute question and answer peri-
od. The comments that followed each presenta-
tion were recorded and are presented as a
separate section at the end of the proceedings.

Most of the papers were submitted as
camera-ready copy. Some of the foreign au-
thors requested that their papers be edited for
clarity and retyped, and this has been done.
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showing Lymantriid distribution, by
Paul A. Godwin, USDA Forest Service,
retired.
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DIVERSITY IN FORM, FUNCTION, BEHAVIOR,
AND ECOLOGY: AN OVERVIEW OF THE

LYMANTRIIDAE (LEPIDOPTERA) OF THE WORLD

Paul W. Schaefer, Research Entomologist
U.S. Dept. Agriculture, Agricultural Research Service
Beneficial Insects Research Laboratory
Newark, Delaware 19713 U.S.A.

INTRO DOTION.

The collective members of the family Lymantriidae represent a
unique and peculiar group of moderate sized moths. Adults are not
very colorful since many are cryptically colored, having evolved as
well-camouflaged individuals against a background of tree bark,
lichens or leaves on which they alight. Adults of many species are
monochromatic -- white or shades of yellow. Adults have a
non-functional haustellum (proboscis) and thus do not feed.

Lymantriid caterpillars are often strikingly colored, many armed with
abundant clusters of long setae formed into hair brushes, hair
pencils, radiating clusters protruding from raised warts or veruccae,
and some (e.g., many Euproctis spp.) possess urticating hairs which
may cause severe allergic reactions when they come in contact with
human skin. Caterpillars also possess two medial dorsal glands
(rarely only one as in Elkneria spp.) on the 6th and 7th abdominal
segnents. These unique glands are somewhat eversible and are often
brightly colored with shades of red, orange or yellow. Their function
remains obsciire, but is thought to involve defense. The lymantriid
moths are often more easily identifiable as caterpillars than as
adults. Life stages of four representative species showing some of
the unique adaptations in the family are illustrated in Figure 1.

The uniqueness of lymantriid moths is further illustrated through
several examples:

-- two species of North American Gynaephora have life cycles that may
require from 9 to 13 years to complete one generation;

-- in tropical Africa more than one species of the genus Anaphe
construct unique communal pupation webs from which several dozen
adults may emerge;

-- many species are diurnally active and possess correspondingly
reduced compound eye size;

-- Gynaephora groenlandica and a geometrid moth are the most northerly
distributed of any Tepidoptera, occurring on nunatacks in the northern
Ellesmere ice sheet and at Kap Neumayer, Greenland, at 830 18' North
lTatitude;

--many species exhibit flightlessness in females through functional




Figure 1: Representative Lymantriidae showing life stages.

A. Rusty Tussock Moth or Vapourer, Orgyia antiqua (Linnaeus)
(wingless female and eggs on cocoon).

B. Gypsy Moth, Lymantria dispar (Linnaeus) (two whitish females
on left, brown male on right)

C. Satin Moth, Leucoma salicis (Linnaeus) (sexes similar)

D. Hun Moth, Lymantria monacha (Linnaeus) (female below)

Hote examples of extreme sexual dimorphisum (A, B); fenale wing
reduction (A); similar adult wing coloration (C, D); very hairy
caterpillars (all); hair pencils and tufts (tussocks) (A); naked
eggs (A); eggs covered by females hairs (B); eggs covered by hard
froth (C). Although not illustrated, diurnal activity (A, B8) and
nocturnal (or crepuscular) activity (C, D) also represented and
possibly diurnal activity correlated with dark male coloration (A, B).

{I1Tustrations taken from Nusslin (1Y27) and reassembled. )



polymorphism to varying degrees or complete wing reduction;

--many species have evolved unique methods of egg protection, ranging
from use of the setae from the female's abdomen, to a hardened foam,
insertion of eggs under tree bark scales, and even collection of
foreign material to adhere to the egg mass surface for camouflage;
--Eloria noyesi Schaus in South America is a pest on coca, the plant
from which cocaine is refined. Apparently larvae can metabolize the
precursors of this powerful drug; and

--0Orgyia thyellina in Japan is bivoltine and has one generation with
wingless females (producing summer-type, non-diapausing eggs) followed
by a second generation of winged females capable of dispersal
(producing winter type, diapausing eggs).

METHGDS

Except for the author's personal exposure to lymantriid species
in Japan and other parts of the Orient and the U.S., all information
has been gleaned from the scattered literature on Lymantriidae. In
the compilation of this information, an extensive bibliography of ca.
775 entries was generated. Only a fraction of this material is
specifically cited in this review.

As no overview would be complete without some appreciation for
the size of the family, I completed a preliminary assessment of the
numbers of species and genera considered to currently belong in it. I
began with the compilation by Bryk (1934), "Lepidopterorum Catalogus",
part 62: Lymantriidae. This catalog listed 188 genera containing 2155
species (adjusting for duplicate entries for Redoa, Dasychirinula and
Numenoides) recognized as belonging in Lymantriidae Tn T1934." To
update this list, I consulted all the Lymantriidae sections of the
Zoological Record for the years 1933 to 1986 (vol. 70 - 123). All
entries pertaining to the descriptions of new species, new name
applications, and new synonyms were noted Al1 duplicate entries from
these sources were reconciled. A new preliminary catalog was
generated in this manner, however many conflicting nomenclatural
intrepretations have yet to be addressed. Nevertheless, this
tentative catalog proved useful in providing insight into our present
understanding of the family. At present, no such current
comprenensive catalog of the Lymantriidae exists.

RESULTS AWD DISCUSSION
Taxonomic Status

Over the years, many authors have contributed to the
understanding of the Lymantriidae, including Aurivillius, Butler,
Collenette, Distant, Holland, Kirby, Hampson, Hering, Herrich-
Schaeffer, Hubner, Leech, Matsumura, Floore, Oberthur, Schaus, Snellen,
Strand, Swinhoe, Walker, and Wallengren. Their contributions have
been mostly descriptive taxonomy with few reports containing mention
of larval stages, host plants, habitats or behavior.



In mcre contemporary times, names such as Barlow, gerio, Bryk,
Chao, Dall‘asta, de Freina, Ebert, Ferguson, Fletcher, Gomez-Bustillo,
Griveaud, Gupta, Holloway, Inoue, Kozhanchikov, MacKay, Maciulty,
iMaes, Nam, Pinhey, Riotte, Robinson, Schaus, Sevastopulo, Viette,
HWiltshire, and Witt all are contributors in varying degrees to
knowledge of the Lymantriidae. Fortunately, use of genitalia as
taxonomic characters and utilization of immature stages has more
frequently infiltrated the contributions of these authors.

In 1982 the International Commission on Zoological Nomenclature
ruled on the fixation of the name Lymantriidae as the correct name to
apply to this moth family. This ruling became necessary since mahy
names had been applied to the family over previous y=ars. On the
basis of ceneral widespread usage, Lymantriidae Hamsor 1893 was ruled
to be valid over older the names Urgyiidae Wallengren 1861, and
Dasychiricae Packard 1864, which both had precedence over
Lymantriicae, but had only minor acceptance and usagz in different
parts of the world. Watson, Fletcher & Wye (1980) have done much to
clarify tkis nomenclatural problem and Fletcher, Nye and Ferguson's
(1980) apglication to the International Commission on Zoological
Nomenclature and the resulting opinion has at last definitively
clarified the family name.

At lcwer levels of classification, much work still needs to be
done. Ferguson (in 1itt.), in a checklist being prepared of the
Neotropical Lepidoptera, identified eight genera normally listed as
Lymantriicae (as in Watson, Fletcher and Nye 1980) wnich he now
believes are not lymantriids.

The taxonomy of Lymantriidae will remain in a state of flux until
such time as a worldwide revision is completed.

Species Distribution and Abundance

Representatives of the Lymantriidae are distributed on all
continents except Antarctica, with species concentrated in the
tropical areas of Africa, India, Southeast Asia and South America.
fadagascar is unusually rich in species abundance with 258 species
recorded (Griveaud 1977). Lymantriids are conspicuously absent on the
islands ot New Zealand, the Antilles (Ferguson 1978), Hawaii, and
likely most islands of the South Pacific except Fiji, New Caledonia
(Holloway 1979) and other more southwestern islands.

A glodbal biogeographical analysis of Lymantriidae distribution
was undertaken by Kozhanchikov (1950), who confounded the analysis
because of the inclusion of the subfamily Acronictinae (now generally
recognized as Noctuidae) in his concept of the Lymantriidae (as
Orgyidae). He attempted an overview of this assemblage of moths and
focused on population dynamics and on an analysis of the
biogeograpnical distribution of Lymantria (as Ucneria).

Regicnal faunistic studies or Tists of species or pests (i.e. for
North America (Ferguson 1978); Central and South amnerica (Ferguson, in
1itt.); Madagascar (Griveaud 1977); USSR (Kozhanchikov 1950); Japan
(Inoue 1956, 1957, Inoue et al. 1959); Korea (Nam & Kim 1981); India
(Beeson 1641); France (Herbulot 1958); Germany (Koch 1555); Hongkong
(So 1967); East Africa (LePelley 1959); Southeast Asia (Barlow 1982);




Southern Africa (Pinhey 1979) and others) all help to illustrate
faunal abundance or scarcity in some areas (Table 1). In temperate
areas, the Palearctic region (Kozhanchikov 1950; Inoue 1976, 1977; Nam
& Kim 1981) is richer in species diversity than the Nearctic (Ferguson
1978), although about 12% of North American species are Holarctic and
common to both areas, due in a large part to accidental introductions
into Kortn America (e.g., gypsy moth, browntail moth and satin moth)
(Table 2). In tropical areas, the faunas are not as well known.
Examples of species adaptive radiation can be seen in the Neotropical
fauna, genus Eloria, and the African fauna, again especially in
Madagascar genera Lymantica (which contain many species previously
considered [ymantria) and Mpanjaka (Griveaud 1977). However, some of
these genera must be viewed 1n light of different nomenclatural
intrepretation of generic limits, especially in those species once
c]assifiid as Dasychira (432 species) or Euproctis (796 species)
(Table 3).

The tentative Lymantriidae catalog reveals about 355 valid
generic names containing 2494 recognized species. This takes into
account Ferguson's opinion on the misplacement of 8 genera containing
32 species of South American moths (Ferguson, in 1itt.) (Table 3).

A11 genera with 20 or more species are considered "Major Genera".

This Tisting of 21 genera contains 2159 species or over 70% of the
total species known. Interestingly 55% of all lymantriid genera are
monotypic and 66% of all genera contain only one or two species. iany
genera are unigue to certain geographical areas (i.e., Neotropical
genera Eloria, Staetherinia, and Sarsina) with no evidence of
phylogenetic relationships to other geographical areas.

Uneven distribution of species within genera suggests that
species have been placed in genera such as Dasychira and Euproctis in
a "catch-all" manner, because it is difficuTt to imagine that
evolution has resulted in so many species in a few genera while
evolving independently into so many generically different forms in so
many other genera, e.g. 198 monotypic genera alone. In the final
analysis, I believe the entire family needs careful revisionary study
before we can fully accept the present worldwide classification of the
Lymantriidae.

Food Plants and Pest Status

Food plants are recorded for only a minor portion of lymantriid
species. In the north temperate regions, food plants are best known.
In tropical areas where species richness is greatest, the feeding
habits of species are poorly documented. Although patterns of food
plant utilization have not been studied in detail, some generalities
appear. Forest or shade trees serve as the principal food plants for
the vast majority of lymantriids. Of lesser importance are shrubs,
vines, herbs, and grasses. At least two species feed on lichens and
one is known to feed on mistletoe.

Stenophagy

A few species are truly stenophagous and have evolved close
associations with their host plants. Dasychira eurydice (Butler) in




Table 1. Tentative Numbers of Lymantriidae (Lepidoptera) Genera and
Species in Various Geographical Areas.

Country/Region No. Genera No. Species Reference
North America 6a 462 Ferguson 1978b
Brazil 4 9 d'Araugo e Silva,
et al., 1968
Neotropics 8 132 D. Ferguson (pers
comn. )C
Europe 10 28 Kirby 1903
England 9 12 Stainton 1857
France 9 12 Herbulot 1958
Germany 9 16 Koch 1955
Turkey 6 8 Iren & Ahmed 1973d
East Africa 18 67 LePelley 1959d
Madagascar 53 258 Griveaud 1977
Southern Africa 30 57 Pinhey 1979d
Japan 14a 452 Inoue 1956-57b
Korea 14 37 Nam & Kim 1981
China 26 235 Chao 1978b
30 270 Sun (these Proceedings)
Thailand 1 30 Anonymous 19654
Ue S SLRL 168 65€ Kozhanchikov 1950
India 1 47 Beeson 1941
Southeast Asia 17 29 Barlow 1982C
Australia 18 60 Turner 1921

a. Number adjusted based on subsequent information.

b. Including subsequent report(s) by the same author.

c. Based on a manuscript checklist (Area covered includes Mexico,
Central & South America) by D. C. Ferguson which will be
included in a forthcoming section of the Atlas of Neotropical
Lepidoptera, J. B. Heppner, ed.

d. This reference is not a revision of this family but does provide

insight into the species diversity for that area.

e. Exclusive of the Acronictinae, which is generally placed in

Noctuidae by other authors.



Table 2. Accidental Introductions of Lymantriidae.
Name/Species Year Place Origin Reference
Found Found
GQypsy moth, 1868 Medford, France/ Forbush,
Lymantria dispar (L.) Mass. USA Belgium 1896
Satin moth, 1920 Malden, Europe? Burgess &
Leucoma salicis (L.) Mass. USA Crossman,
1920 Vancouver, ? 1927
British Columbia
1922 Bellingham, Canada? same
Washington, USA
Browntail moth, 1897 Somerville, France/ Marlatt,
Euproctis chrysorrhoea (L.) Mass, USA Holland 1911
Rusty tussock moth, ? Santiago, Europe ?  Ferguson,
Orgyia antiqua (L.) Chile 1978

Table 3.

Major Genera and Number of Genera and Species in Lymantriidae.

Major Genera Wo. Species Major Genera No. Species
Aroa Walker 1855 62 Leucoma Hubner 1822 90
Calliteara Butler 1881 55 (including Stilpnotia)
ColTenettema Griveaud 1977 22 Lymantica Collenette 1936 27
Dasychira Hubner 1809 432 Lymantria Hubner 1819 158
EToria Walker 1855 54 HganJaEa Griveaud 1976 37
Euproctis Hubner 1819 796 Olapa Walker 1855 21
(incTuding Porthesia) Orgyia Ochsenheimer 1810 52
Eudasychira Moschler 1887 30 Pantana Walker 1855 25
TdaTia Hubner (T819) 1816 20 Rahona Griveaud 1976 22
(including Caviria, per Redoa Walker 1855 38
Ferguson, pers. comm. 6/1988) Rhypopteryx Aurivillius 1879 27
{ lﬁagona 1Moschler 1883 39

Lacipa Walker 1885 25

Laelia Stephens 1828 127

(Subtotal of 21 Major Genera:

Approximately 334 other Genera:

Tentative Total Genera:
Tentative Total Species:

2159
906
355

3065

Species)
Species
Genera
Species




Japan (Inoue 1956) and in Korea (as Cifuna) (Kim et al. 1982) feeds
only on vines of Vitis spp. Ivela auripes (Butler) in the Orient is
associated almost exclusively with Cornus sp. (Schaefer 1983). ilany
other soecies might appear to be Timited in their food plants and
listed in the Titerature as feeding only on one species or a very
Timited selection of hosts. It is often unclear if true stenophagy is
present. Too often narrowness of diet is a function of the extent to
which lepidopterists or plant protectionists have studied a species.

Polyphagy

On the opposite extreme, there are some species which have
exhaustive host plant records and are truly polyphagous. The gypsy
moth, Lymantria dispar (L.), exemplifies a species with a capacity of
maximal utiTization of available plants. Forbush and Fernald (1896)
compiled a Tist of 458 plant species upon which the gypsy moth fed in
Massachusetts and they provided a supplemental 1list of 78 species,
mostly trees and shrubs, which were considered the principal food
plants in the field. In Japan alone, I have compliled a Tist of ca.
152 plant species scattered among 53 plant families that may serve as
food)plants for the Japanese form of the gypsy moth (Schaefer et al.
1938).

Other notorious polyphagous species include the holarctic
vapourer or rusty tussock moth, Orgyia antiqua (L.), in both Eurasia
and HNorth America. Tietz (1972) lists species and genera food
plants in North America. This species makes little differentiation
between hardwoods and conifers as it will feed readily on trees in
either category. The North American relative, the white-marked
tussock moth, Orgyia leucostigma (J. E. Smith), is Tar more
polyphagous having a recorded food plant 1ist of 143 species (Tietz
1972), including both deciduous and coniferous trees.

01igophagy

Between the above extremes in plant utilization are the vast
majority of species. These species have evolved to utilize relatively
limited plant resources, often evolving along coniferous or deciduous
tree lipes. Some specizs specific for the coniferous trees include
Lymantria fumida Butler on Abies and Larix in Japan; Dasychira
R1n1co|a (Dyar) and D. manto (Strecker), both feeding on Pinus, and b.
dominickaria (Ferguson) feeding on Taxodium, in North America
(Fergusan 1978). In Jajan Parocneria furva (Leech) may be a serious
defoliazor of Chamaecyparis and Juniperus spp. (Inoue 1957).

Dasychira argentata Butler in Korea 1s known to feed only on
Cryptomeria japonica Don. (Kim et al. 1982). In Southern Africa, a
number of species are Pinus feeders (perhaps not exclusively), i.e.
Euproctis subalba (Jans2) (Swain & Prinsloo 1986), Euproctis
terminaiis (Walker) (Pinhey 1979), and Bracharoa dregei
THerrica-Schaffer) (Swain & Prinsloo 1986). Oligeria hemicalla
(Lower) is a Pinus radiata feeder in Australia (Moore 1968).

Similarly, many spscies of Dasychira, Lymantria, Leucoma, and
Orgyia “n the temperate latitudes are exclusively deciduous tree
Tee%ers. Likewise many tropical species feed only on hardwoods
trees. O0Oligophagous species probably represents the largest




assemblage of lymantriid species with examples too numerous to cite.
Specialized Feeders

Some species have evolved as grass and sedge feeders. Laelia
coenosa (Hubner) in Japan (Inoue 1956) and China (Li 1987) feeds on
Phraomites (and so might be useful for the biological control of this
weed) but also feeds on rice, Oryza sativa, (Inoue 1956) and probably
other useful grains. In India, éuproct1s virguncula Walker feeds on
wheat (Sandhu & Deol 1975), Porthesia xanthorrhoea Roller (Munshi et
al. 1970), and Psalis pennatula Fabricius feed on rice (Garg & Sethi
1980), and Laelia exclamationis Kollar and Laelia devestita Walker
both feed on grasses (Beeson 1941). Rice is also food to Laelia
suffusa Walker in Malaya (Evans 1952), and Euproctis cervina (Moore)
in Pakistan (Mohyuddin 1987). Thus a number of lymantriids are pests
of grain crops.

Perhaps the most novel food plant associations are shared by
three diverse lymantriids and are perhaps more stenophagous than their
relatives that feed nearly exclusively on one or two tree species
mentioned above. In Australia, Euproctis edwardsi Newman feeds on the
mistletoes (Lorenthaceae) which are parasitic on Eucalyptus trees
(Watson & Whalley 1975) and because of this habit the moth is locally
referred to as the iistletoe browntail moth (Carne et al. 1980).

The other unusual food resource occurs in two African species
that both feed on Tichens. Paraproctis calamolopha Collenette in
Uganda (Collenette 1936; MacNulty 1966) and Dasychira octophora
Hampson in southern Africa (Pinhey 1979) have apparently completely
lost their ability to survive on the higher plants and instead rely
exclusively on the cryptogamic flora.

Pest Status

The vast majority of lymantriid moths can not be considered
pests. Many are so poorly known that they are considered rare.
However, when necessary food resources of species conflict with hunan
agricultural interests those species are considered pests. A
comprehensive overview of tropical pest species compiled by Hill
(1983) 1isted 47 tropical pest/plant associations involving lymantriid
moths as pests of 36 tropical crops. One additional tropical South
American crop is coca, on which Eloria noyesi feeds and may cause
defoliation (Wille 1935).

In temperate areas, lymantriid species appear more dependent on
tree species for food and are therefore forest and shade tree pests.
Many of these species show tendencies for massive population
outbreaks, for example gypsy moth, douglas-fir tussock moth (Orgyia
pseudotsugata McDunnough) or nun moth (Lymantria monacha (Linnaeus),
all in the holarctic region. At such outbreak times, species may
become pests simply by their unusual abundance, causing a nuisance to
comunities and homeowners. A particularly unusual form of nuisance
was reported in Japan when larvae became so abundant during the height
of an outbreak that they congregated on railroad tracks in such
numbers that the crushed larvae on the rails inhibited train movement
(Esaki 1934). Finally, several groups contain species which have




10

unusually severe urticating properties. Crushing of the larval setae
against unprotected human skin cause severe urtication. In some
instances, these setae possess a histamine which greatly enhances the
reaction caused from the mechanical action alone. Urticaria occurs in
the browntail moth, Euproctis chrysorrhoea (Linnaeus) in Eurasia and
in North America, Euproctis flava (Bremer) in Japan, Euproctis
edwardsi Newm. in Australia (Mckeown 1945); Euproctis terminalis in
South Africa, (Watson & Whalley 1975; Skaife 1953); Fu roctis
molundiana Aurivillius in West Africa (Sevastopulo 196;) and Euproctis
{as Porthesia) similis in England (Eltringham 1913) and in Shanghai,
China, where a serious epidemic occurred (Su 1981). Altnough less
severe than in Euproctis spp., other groups may produce dermal
irritation principally froi mechanical action. Gypsy moth larval
spines will cause unplezsant irritation in sensitive people.
Occasionally, under outbreak conditions, swall larvae caused rashes to
humans over wide areas, as happened in Pennsylvania in 1981 (Aber et
al. 1982). Wirtz (1984) reviewed the urticaria phenomenon in
arthropods, including lymantriid moths.

Biological and Ecological Specializations

Pernaps the most unique aspect of the Lymantridae is found in the
overall diversity expressed by representatives of this group. We
generally think of moths as having a 1life history progressing from
eggs, larvae and pupae into winged adults which fly, mate, and lay
eggs without much variation in the the general theme. In the
subsections which follow, focus is on these expressions of variation,
diversity, behavior, and ecology in the broadest sense.

Female Wing Reduction and Flightlessness

Evolution of wing reduction has occurred in several lymantriid
genera, For example Lymantria, Orgyia, Thea, Enome, and Gynaephora.
Wing reduction reaches 1ts extreme 1n Orgyia where females are totally
wingless with the wings being reduced to i1tt1e more than lobes. Some

Orgyia have females with partially reduced wings as in Orgyia hopkinsi
Coi enette native to Africa (Collenette 1937). Still another African
species, Orgyia basalis Walker, has wings but yet does not fly
(SevastopuTo T951). Whether females are physically capable of flight
remains unclear.

Wing reduction reacnes a unique compromise in Orgzia th¥ellina
Butler, native to China, Korea and Japan. Being bivoltine, females of
a summer generation are winged (producing non-diapausing eggs) while
those of a fall generation are wingless (producing larger diapausing
eggs which overwinter). Kimura & Masaki (1977) have shown control of
this wing reduction to be photoperiodically induced. Interestingly,
the larger, diapausing eggs are usually deposited on the female's
cocoon, spun on objects other than suitable food plants. Dispersal in
the spring is thus left =o the newly-hatched larvae.

Loss of flight capacity in females with apparently fully
developec wings occurs rather commonly. Arctic species of Gynaephora

have nearly fully developed wings but apparertly do not fly, probably
in adaptation to the harsh climatic conditions in the tundra or alpine
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habitats. Winds whipping over the dwarfed vegetation might carry
flying moths out of suitable habitats where individuals would be lost
from the population. Presence of wings may also provide a degree of
insulation from strong winds and may contribute to ennanced solar
absorption in a habitat where net solar warming greatly influences
developrent and behavior of these moths that require extended periods
for development -- estimates of up to 14 years to mature (see Kukal &
Kevan 1987; Kevan et al. 1982; Schaefer & Castrovillo 1Y79).

The complete range of wing reduction occurs in the genus
Lymantria.  Brachypterism is most pronounced in the Indian L. ampla
WaTker where females have only lobes for wings. The female Indian
gypsy moth, L. obfuscata Walker, has wings reduced to about 1/2
normally expected size. At the other end of the range are many
species that possess fully developed wings whicin the females readily
use for flight. Examples include the nun moth, L. monacha Linnaeus,
of Eurasia, L. mathura Moore and L. fumida Butler both of Japan.
Intermediate between these extremes is an interesting case of
functional polymorphism in the gypsy moth. In western Europe and in
North America (where gypsy moth was accidentally introduced (Table 2))
females do not fly, that is they are incapable of sustained or
ascending flight. In the rest of Eurasia (including nearly all of the
U.S.S.R. and apparently some eastern European countries) and eastward
into Japan, gypsy moth females are fully capable of ascending flight.
In Japan, Korea or China (Schaefer, unpubl. data; Kenda 1959; Kosugi
1954), females are attracted to lights at night. The same is reported
in the Foscow area of U.S.S.R. (Gornostaev 1962). Perhaps in gypsy
moth, we are seeing the first stages in the evolution of
brachypterism. At present we must accept this functional polymorphism
as a factor having significant bearing on the ecology and evolutionary
trends in the two population forms.

Sexual Dimorphism

Apart from female wing reduction, there are other expressions of
sexual dimorphism among some lymantriids. Perhaps one of the most
extreme forms is in coloration of the gypsy moth, where males have
shades of 1ight to dark brown coloration yet the females are basically
white to buff with some black markings. Dark brown males and white
females also occurs in a recently discovered New Caledonian species,
Euproctis dimorphissima Holloway (Holloway 1979). Similar extreme
sexual dimorphism i1s seen in Perina nuda F. in Southeast Asia. Adult
females are a uniform yellow to cream coloration, whereas the males
emerge as a dark brown moth but wing scales on the forewings and a
patch on the hindwing promptly sluffs off resulting in hyaline wings.
The clear-winged appearance of these males bears no resemblance to
females of the same species. Vastly different appearances are found
in the two sexes of the very striking Oriental Numenes spp. in which
males only similarity to females is the reduced white line patterns on
the black color of the forewing (Inoue 1975).

Gravid females of a species are larger than males whether females
bear wings or not. Colorational sexual dimorphism is usually
expressed as more melanistic males relative to their respective
females. This phenomenon seems to be closely correlated with diurnal
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flight benavior, as in many Orgyia spp. and Lymantria dispar sensu
lato.

Diurnal Flight Behavior and Compound Eye Size

Evolution of diurnal activity appears to have evolved in at least
three separate ways:
(A) Invasion of Arctic habitats where continuous summer daylight
occurs. Two species are known in this category, bynaephora rossii
Curtis and G. groen]andica Wocke. Diurnal behavior nwust have been
modified some Tn the relict Alpine populations of G. rossii (Schaefer
& Castrovillo 1979) since these moths are subjected to a distinct
scotophase, unlike arctic populations.
(B) Diurnal activity by conspicuous species (pure wnite or yellow)
possibly having evolved as butterfly mimics. Support for this theory
might be the discovery that these species are distasteful to bird
predators. Examples include Ivela auripes Butler in Japan, Eloria
noyesi Schaus and perhaps all otner South American Eloria spp.
[CoTTenette 1950), and Euproctis sinuinigra Holloway in Borneo
(Holloway 1976).
(C) Diurnal activity by inconspicuous, camouflaged species that often
exhibit sexual dimorphism which may include female wing reduction.
Examples include the holarctic Urgyia antiqua (L.), Lymantria dispar
(L.), and Orgyia pseudotsugata (acﬁunnougﬁi, in which diurnal and
crepuscular flight behavior was demonstrated (Wickman et al. 1975).
A list of species recognized as being diurnally active is presented in
Table 4.

In conjunction with diurnal flight, a correspcnding reduction in
compound eye size has evolved. Ferguson (1978) mentioned the
phenomenon of reduced eye size in diurnal species. He noted it in 0.
antiqua and 0. pseudotsugata, but also noted a deviation in a
subspecies of the Tatter, which possessed larger eyes and thus may no=
be striczly diurnal. Schaefer (unpublished data) nas quantified this
relationship for some Oriental species in a search for species that
show reduced eye size. By identifying these species, although they
are rare or unusual, a notion of possible diurnal behavior was
inferred. This study showed that eye reduction in Lymantria dispar
was unique in the genus Lymantria for Japanese and Korean species and
that when compared to L. monacha, eye size was reduced ca. 32%.
Overall, observations indicated tnat diurnal activity could be tound
in a variety of genera (Table 3), but was poorly represented in the
two largest, Dasychira and Euproctis. Field confirmation was the next
logical step, but was possible only in Ivela auripes in an area
studied “n Japan (Schaefar 1983).

Incomplete Adult Emergence

In a South African lymantriid, female Bracharoa dregei
Herrich-Schaeffer never emerge from their cocoons. Emergence is
simply a shedding of pupal skin and the female remains within her
cocoon. Mating and oviposition take place therein. On hatching, the
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Table 4. Diurnally Active Species of Lymantriidae.

Species Location Reference

CONFIRMED SPECIES

Apina callisto Doubleday Australia Froggatt 1907
Aroa biformis Holloway Borneo Holloway 1976
Aroa cinerea Holloway Borneo Holloway 1976
Aroa transflava Holloway Borneo Holloway 1976
Birnara bicolor Walker Borneo Holloway 1976

Bracharoa dregei Herrick-Schaffer South Africa Watson et al. 1975
Etoria noyesi Schaus Peru, Bolivia Collenette 1950
Euproctis sexinacula Swinhoe Borneo Holloway 1976
Euproctis sinuinigra Holloway Borneo Holloway 1976
Gynaephora groenTandica (Wocke) Arctic Canada Kukal & Kevan 1987
_nae ora (=Byrdia) rossi Curtis Japan Inoue et al. 1959
Maine, USA Scnaefer & C. 1979
Ivela auripes Butler Japan Inoue et al. 1959,
Leucoma w1itshirei Collenette Iraq Wiltshire 1957
LCymantria dispar (L.) North America Ferguson 1978
Lymantria dispar japonica Motsch. Japan Inoue et al. 1959
Ocnerogyia amanda Stgr. Iraq Wiltshire 1957
Orgyia antiqua (L.) North America Ferguson 1978
Eurasia Gillanders 1908
Orgyia pseudotsugata (Mcbunnough) North America Ferguson 1978
Orgyia recens approximans Hubner  Japan Inoue et al. 1959
Orgyia thyellina Butler Japan Inoue et al. 1959

ADDITIONAL UNCONFIRMED SPECIES BASED ON COMPOUND EYE SIZE

Aroa socrus Geyer
Aroa substrigosa Walker
Dasychira nachiensis harumo

Dura alba Moore

Taiwan
Taiwan
Japan, Taiwan
Taiwan

Schaefer unp.data
Schaefer unp.data

Schaefer unp.d
Schaefer unp.d

ata
ata

Lymantica suarezia habille Madagascar Schaefer unp.data
Lymantria ampTa Walker India Schaefer unp.data
Lymantria apicebrunnea Gaede China Schaefer unp.data
Lymantria marginata Walker China Schaefer unp.data
Lymantria obfuscata Walker India Schaefer unp.data
Lymantria tacita Hering East Africa Schaefer unp.data
fiedama diplaga Hampson Taiwan Schaefer unp.data
lMedama basimaculata Matsumura Taiwan Schaefer unp.data
Nurmenes takamukui Matsumura Taiwan Schaefer unp.data
Orgyia triangularis Butler Japan Schaefer unp.data
Pantana albipes Matsumura Taiwan Schaefer unp.data
antana 1nfuscata Matsumura Taiwan Schaefer unp.data
Pantana simplex Leech Taiwan Schaefer unp.data
erina nuda Fabricius Hongkong Schaefer unp.data
Pida niphonis Butler Korea Schaefer unp.data
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larvae consume the female cadaver before emerging from the cocoon in
search of food plants (Watson et al. 1975).

Communal Activities

Apparently in the interest of energy conservation and protection
within groups, some species have developed novel communal activities.
In Euproctis chrysorrhoea (L.), cormmunal webs normally provide a means
for all siblings from a single egg mass to overwinter. All
activities, includimg feeding, are gregariously undertaken only during
the Summer and Fall pericds. By late Fall, this gregarious activity
produces a tightly-spun communal web amongst the twigs and leaves of
the host plant, often positioned on a terminal twig that Titerally
"flags" that tree as infested. Within the web are numerous cells in
which small groups of larvae eventually diapause. This behavior has
presumably evolved to enhance survival during overwintering (Schaefer
1974, 1986).

Other communal activities include gregarious feeding by younger
larvae only in E. chrysorrhoea. Similarly, Olapa travatensis Holland
in West Africa is a gregarious feeder (MachuTty T38BL. Gregarious
feeding to a much later stage occurs in Euproctis pseudoconspersa
Strand in Japan, Euproctis flava (Bremer] in China, and probably many
other poorly studied species. Presumably "safety in numbers" also
applies to lymantriids.

A unique cormunal activity is the cormunal pupation web or
“cocoon-bag" produced by some African species (Holland 1893). In both
Anaphe moloneyi Druce and Oecura goodii Holland in tropical Vest
Afr , late stage larvae construct a rough silken bag ca. 15 - 20 cm
in diameter. As larvae mature, they enter this web, pupate and
eventuaily emerge as adult moths from these cocoon-bags. Several
dozen moths may emerge from the same bag over extended periods
according to Holland.

Egg Protection and Oviposition

Sevastopulo (1967) noted that a grass-feeding species, Mylantria
xanthospiia Plotz, lay loose or scattered eggs (not in masses;,
typical ot grass-feeding Lepidoptera. Among tree-feeding species,
some lymantriid females 1ay naked egg masses, for example Orgzia
antiqua, Orgyia thyellina, Gynaephora rossii, and many Dasycnira spp.
Many other species attempt to cover their eggs for protection. This
is accomp ished in one of several ways:

(1) Covering the mass with setae from the abdomen of the female.
This occurs in some Lymantria spp. (dispar, sakaguchi, obfuscata) and
some Euproctis spp. (chrysorrhoea, pseudoconspersa).

(2) Use of a solidified foam or froth to cover the mass. This
process seems to have evolved into two methods of application. (2A)
Masses are attached to a solid substrate such as the bark of a tree
and the foam simply covers the surface to mask any appearance of eggs
beneath it. This method occurs in the satin moth, Leucoma salicis
(L.). A second subtype (2B) involves inserting the eggs heneath a
bark scale or crack and applying the solidified foam to seal the
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crack, as found in Lymantria monacha, L. fumida and L. mathura (at
least in Hokkaido, Japan). Some females may also adhere setae to the
exposed cement for added protection or disguise. (3) Application of
material from the environment to the egg mass surface. This method is
used by Ivela auripes Butler in Japan (Schaefer 1983). Females lay a
geometriC single-layer egg mass on the trunk of the host tree, Cornus
controversa Hemsl. but during the oviposition process females "“dust™
the surface of the mass with an abrasive material harvested by the
female during her preovipositional period. This abrasive material
appears as a gray dust, which is crystalline, inert, and more dense
than water. The source of this material is unclear, but it appears to
be harvested from the surface of the trees on which the eggs are laid
and may have an origin associated with lichens.

SUMMARY

Lymantriidae contain some species which possess some unusual
traits, many found in few other moth families. HMuch is yet to be
Tearned on the life histories and habits of many of the more unusual
species. Relatively little is known on host-plant relationships,
parasites and predator associations, except in certain well-studied
lymantriid pests. The taxonomic limits of the family, of individual
genera, and certainly of individual species are not well-delineated
and will continue to evolve as our knowledge of this worldwide moth
family increases. In those species well-known, recognition of such
interesting phenomena as sexual dimorphism, diurnal flight behavior
and compensatory compound eye reduction, brachypterism and female
flightlessness, gregarious behaviors, and various methods of egg
protection all illustrate some of the diversity which has evolved in
the family.

During consideration of the various topics covered in these
proceedings, let us continue to marval at the diversity in form,
function, behavior and ecology that has evolved in these moths. Let
us also recognize those areas where our knowledge is weakest and also
strive to build on our present understanding a greater knowledge and
appreciation for the moths we recognize as members of the family
Lymantriidae.
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SUMMARY

There are 35 species of Lymantriidae in Europe (De Freina &
Witt, 1987), but research is concentrated nearly exclusively on the 7
most destructive: Lymantria dispar (L.), Lymantria monacha (L.),
Euproctis chrysorrhoea (L.), Euproctis similis (Fuessly), Calliteara
(Dasychira) pudibunda (L.), Leucoma (Stilpnotia) salicis (L.) and
Orgyia antigua (L.). Although E. similis also attacks oak and other
tree species in forests, it is primarily a pest of orchards and has
been omitted from this selected overview of research carried out
mainly since 1978, on the distribution, hosts, biology, natural
enemies, outbreaks and control of these economically important insect
species. This research gained impetus from the development of methods
of artificial rearing, identification and synthesis of pheromones,
response to concern about the effects of insecticides on the
ecosystem, and production of microbial and environmentally safer
insecticides. As even-aged coniferous plantations in Europe expanded
considerably since 1930, calamities such as the one caused by L.
monacha from 1978-1984 in Poland, may well recur.

Gypsy Moth
Lyimrainrtors va. deissepraror( L. )

Distribution and hosts

The gypsy moth (GM) occurs in Europe from the west coast of the
mainland to the Urals, limited in the North by a line stretching from
Central Sweden through Moscow and in the South by the Mediterranean
Sea including islands such as Corsica and Sardinia. In altitude it
is limited to the growth zone of Quercus. Its optimum development
is reached in the broadleaved forests of S. and S.E. Europe. More
than 300 hosts have been recorded; Quercus is regarded as the
preferred food plant, followed by other Fagaceae such as Fagus,
Carpinus and Castanea. A third group of food plants consists of
Salix, Populus, Robinia, Betula, Acer and Tilia. Larix is a common
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conferous host, but Pinus is not (Wellenstein & Schwanke, 1978). The
inefficient feeding of GM (and of L. monacha), is on= of the causes
of their destructiveness; this trait may be related to polyphagy
(Baranchikov, 1983).

Biology

The egg clusters of GM, which are hair-covered and normally
contain between 50-800 eggs, overwinter and hatch in spring. Larvae
often start feeding on flushing buds and later on flowers and
leaves. The coincidence of bud burst and hatching is considered im-
porzant for population development. Female larvae pass through an
additional 6th stage and are more prone to parasitization, predation
and diseases. They are also more sensitive to changes in food
quality. Warm and dry summers shorten their larval period resulting
in a sex ratio favourable for outbreaks. Male adults are active
diurnally; females hardly fly. Dispersal is effected by first instar
larvae carried on silken threads by wind. GM is very closely rela:ed
to L. monacha, which shares many features of its biology. GM larvae
and adults vary greatly in morphology and colour, having many
geographical forms and races.

Parasites, predators and pathogens

One hundred sixty-five parasite species have been recorded; 109
hymenopterans and 56 dipterans. Of these, the tachinids Blepharipa
scutellata, B. pratensis, Parasetigena segregata and Compsilura
concinnata are dominant species. The egg parasites Anastatus
japonicus and Qoencyrtus kuvanae are also important. Dermestids
(Kotenko. 1982) and cantharids, e.g. Megatoma pici, Dermestes, Justus
floralis and Malachius bipustulatus are important egg predators.
Panina (2984), describes a method to determine the efectiveness of
these predzators. The carabid Calosoma sycophanta is an effective
predator. However, the most important factor influencing GM
populations during an outbreak is a nuclear polyhecdrosis virus
(NPV). Its impact increases as the epidemic progresses until it
ultimately causes the total collapse of the population. Rain, birds
and predators are major factors in the disseminaticn of NPVs
(Entwistle, 1986). The occurrence of cytoplasmic polyhedrosis
viruses {CPV) is less frequent, but a CPV causing 42% mortality in GM
larvae was recorded in Austria; the disease presumably also killed
the larval parasites (Jahn, 1979). Zelinskayva (1980}, studying the
role of 4 microsporidia (Nosema lymantriae, N. sertica, Thelohania
disparis and Pleistophora schubergi) during a GM outbreak, concluded
that apart from killing the larvae, the infections also lowered the
fecundity and mating capacity of adults. Streptoccccus faecalis has
been isolated from larvae in Bulgaria (Grigorova et al., 1982).

Outbreaks; conditions and damage

Site and climatic conditions are important in the development of
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outbreaks; drought, high temperatures and light are the main
outbreak-inducing factors. Most countries have traditional outbreak
centres, where conditions are favourable for GM population
development. Extensive studies have been carried out to define the
factors that influence the population dynamics of GM (Znamenskii &
Lyamtsev, 1985). The forecasting of outbreaks has been studied by
Belov (1986), Ekk et al.(1980), Kireeva (1978) and others. In
several countries, outbreaks appear to be cyclical; however, the
intervals between outbreaks may vary; between 6 to 8 years (in
Yugoslavia) to 14 years in France and 36 in Switzerland. In countries
with optimal outbreak conditions, the periodicity seems to be ruled
by intrinsic factors (Wellenstein & Schwenke, 1978). Fratian (1985)
noted that in oak stands treated with microbials and insecticides,
later population peaks recurred with the same frequency as in
untreated stands. Host tree species appear to influence the duration
of outbreaks. In areas with less favourable outbreak conditions,
drought is considered a main factor for population build-up.
Population fluctuations are probably influenced directly by the host
condition [e.g. sugar content of the leaves before and during the
course of an outbreak (Schwenke, 1968; Patocka, 1973). In addition,
parasite, predator and pathogen populations influence the development
of outbreaks. Economic losses can be considerable; despite the
general capacity of oaks and other broadleaves to recover from
defoliation, up to 25% mortality has been observed in Q. robur
stands in Romania. But Nizi & Prosperi (1973) report that after a
severe outbreak of GM in central Italy, yield loss was equivalent to
20% of the cost of aerial spraying. One year after the outbreak,
additional growth had nearly obliterated earlier reduction. Magnoler
& Cambini (1968) report a mean annual reduction of 33-39% in radial
growth during a 3-year defoliation of Q. suber. Mortality in older
age classes of oak may also be due to subsequent epidemics of oak
mildew (Abramenko & Samilyak, 1983).

Monitoring and forecasting

After racemic disparlure and its (+)enantiomer became
available, pheromone traps were used to estimate population density
and to predict outbreaks. However, Bednyi & Kovalev (1978) found
monitoring indicative only in pre-outbreak populations; Luciano &
Prota (1985), obtained unsatisfactory results, as no relationship
could be established between the numbers of egg clusters and the
numbers of males caught. Population density was best estimated on the
basis of counts of egg clusters.

Control

Results of mass trapping and mating disruption have also been
inconclusive (Maksimovic, 1980). Bednyi et al. (1980) indicate that
disruption of mating in spaces saturated with disparlure is a
consequence of adaptation of the chemoreceptors of male adults rather
than disorientation or other presumed causes. Much research was done
by the the International Organization for Biological Control's
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Working Group on Microbial Control of Lymantria dispar. The effect of
microbials in outbreaks (Zelinskaya, 1980), and the selection of
varieties of Bacillus thuringiensis (Bt) (Currado & Brussino, 1985;
Ovcharov, 1982) and races of Borrelina spp. (Skatulla, 1985;
Magnoler, 1985) or synergistic combinations of both pathogens,
including the effect of these microbials on natural enemies, have
been studied. A general review on the application of Bt in plant
protection is given by Krieg (1983). Spraying of zn exceptionally
virulent strain of NPV on GM egg masses has been reported to give
excellent control in an outbreak affecting 1400 hz (Orlovskaya,
1970) . Bt has been noted to be effective only when the daily
temperature exceeds 13°C (Korchagin, 1980); Galani (1978)

determined that the optimum temperature for Bt infection was 25°C.
Under the same field conditions, Trigiani (1979) cbtained good
control with Bt but not with NPV. Recovery of larvae after infection
with NPV was observed by Bakhvalov et al.(1982). According to Burger-
jon et al.(1981) the increased resistance of older larvae is not at-
tributable to weight nor to the amount of treated leaf area

consumed. Although Bt and NPV reduced feeding activity, defoliation
is often continued, the effects of treatments being more pronounced
in the following year (Injac & Vasiljevic, 1978). The inactivation of
NPV (Timans, 1982) and Bt spores by ultraviolet radiation is one of
the causes of their limited effect under field cond:tions. A review
of the attempts to protect NPVs from radiation is given by Entwistle
and Evans (1985). Nosema lymantriae, was used in a field test agains:
GM larvae, causing a mortality almost twice as high as in controls.
The infection had a favourable effect on parasitization and
predation; including the number of hatching eggs of the next
generation, the population was reduced to 10% of the control (Weiser
& Novotny, 1987). Simchuk (1982) defined optimal rearing conditions
for Pleistophora schubergi, another microsporidian attacking GM.
Sidor & Jodal (1953) found that host tree species influence the
mortality caused by Nosema serbica and NPV.

Few studies have been done on the release of parasites in
biocontrol; Chernov (1976) reports that the release of 3.8 million
laboratory- reared adults of the egg parasite Ooencyrtus kuvanae
during an out- break of GM, resulted in 60% higher egg parasitizztion
than in con- trol areas. Maksimovic & Sivec (1984) added GM eggs to
test plots to maintain a low density of the defoliator and
consequently of its natural enemies. Eight years after the additions
were started, reductions of about 70% were caused by Cotesia
melanoscelus, Glyptapantales porthetriae, tachinids and diseases.

Crcosses between races of GM can result in a marked excess of
male adults. However, the sex ratio is restored in the next
gereration and in backcrosses (Clarke & Ford, 1983). Crosses of
intred rales with wild moths resulted in early larvel hatching and
high mortality; in this case, early hatching was maintained in
followirg generations. Release of inbred males in low density
porulations of GM might further reduce the population level for some
gererations (Marovic, 1981).

Chemical control has moved from environmentally harmful, brcad-
spectrur insecticides like DDT to more selective chemicals such as
the chitir inhibitors (Lyachenko & Andreeva, 1979; Szmidt & Sliwa,
1980) or synthetic pyrethroids such as permethrin (Svestka, 1978).
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Combinations of sublethal doses of these insecticides with microbials
have In many instances proved to be synergistic (Novotny, 1988;
Videnova, 1980.

At least two components of air pollution ( NaF and S02) have
been shown to result in high mortality rates of GM (Selikhovkin,
1981; Kataev, 1981).

Artificial rearing

GM is reared on artificial diets in many European countries
such as France, Germany, Italy (Magnoler, 1970), Poland, Russia and
Yugoslavia (Vasiljevic & Injac, 1971).-A method for rearing
Ooencyrtus kuvanae is described by Bjegovic (1972).

Nun moth
Lymantria monacha(L.)

Distribution and hosts

The nun moth (NM) occurs in most European countries; it has been
known as a pest of conifers since 1820 in the European USSR and has
since spread widely, reaching the Ukraine in 1949-1952 and central
European Russia and W. Siberia in 1954-1957 (Marushina, 1978). In N.
and N.W. Europe, its distribution is limited to S. England, Norway,
Sweden, and Finland; its northern limit extends approximately along
the parallel of 60° N. Lat. through Leningrad to the Urals. In the
South, its area is limited to the northern parts of Spain, Portugal,
Corsica, Italy, Yugoslavia, Greece, and Bulgaria. NM manifests itself
principally as a pest of the coniferous forests of central Europe and
since 1920 also of the pine forests in the mountain areas of central
Spain, where temperate climatic conditions prevail. NM is
polyphagous; its northern limit coincides with the distribution of Q.
robur. Preferred hosts belong to the genera Picea, Pinus, Larix,
Abies, and Fagus. Of the deciduous trees, Carpinus, Betula, Quercus,

Ulmus, Acer, and several other genera can be attacked.

Biology

Since NM is very closely related to GM only a few salient data
are mentioned here. Females possess a long flexible ovipositor by
which naked egg clusters (70-300 eggs) are deposited in crevices and
behind the bark scales of conifers. As 50% or more of the eggs are
oviposited on the lower 4 m of the trunk, the number of eggs found
there can be used to forecast outbreaks. Feeding begins in May on
young needles of flushing shoots, but male inflorescences, buds, or
0ld needles may also serve as emergency food. In some years, the
lack of synchrony of flushing of buds and hatching of eggs caused
collapse of populations (Slyzinsky, 1970). The racemic mixture of
disparlure attracts male NM; both species live in reproductive
isolation because NM is nocturnally active whereas GM males are
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active mainly at midday. In addition, their pheromones have a
different composition of enantiomers. Hansen (1984), estimates taat
the pheromone of NM consists of 10% (+)- and 90% (-)disparlure, while
that of GM is almost 100% (+)disparlure. Klimitzek =t al. (1976)
found that in the field, the response of NM increas=d with the
concentration of (+)disparlure regardless of the concentration of
(-)disparlure,while the response of GM diminished as the
concentration of (-)disparlure increased. A reduction in response of
GM to increased additions of (-)disparlure was also reported by
Kovalev et al. (1980). Preiss (1985), however, indizates that
(-)disparlure has no effect on the orientation of GM to
(+)disparlure.

Parasites, predators and pathogens

Some 88 primary parasites have been listed; 45 dipterans and 43
hynenopterans (Thompson, 1946; Herting, 1976). The tachinid
Parasetigena silvestris and the braconid Cotesia melanoscelus are
most important; Trichogramma evanescens and Telenomus phalaenarun
have been recorded as egg parasites but their incidence is low (Mills
& Schoenberg, 1985). Predators include Calosoma sycophanta and birds.
Tits (eggs), cuckoos (larvae) and jays f{pupae) are considered major
predators during outbreaks but it is doubtful if they are of great
influence (Wellenstein & Schwenke, 1978). For more than a century it
has been known that natural NPV epizootics are the main factor for
the collapse of NM outbreaks. The latent stage of the virus is
present in all stages of the insect; it is activated under stress
conditions such as lack of, or low quality food, and adverse weather.
Bakhvalov et al. 51979) activated NPV in larvae by exposing them to
temperatures of 4°C. Chemicals, sublethal doses of insecticides or
Bt act &s stressors and increase larval susceptibility to NPV.

Outbreaks; conditions and damage

Weather, site conditions and stand compositior. are the most
important outbreak-inducing factors. A late but sudcen spring
promotes the coincidence of bud burst and egg hatching (Svestka,
1971). In addition, warm, dry summers result in a higher proportion
of female adults; normally, females constitute only 15% of the
population but during progradations their share may amount to 80%.
Bejer (1985), found no correlation between outbreaks of NM in
Denmark and the overall climate, forest composition or the size of
mature stands. However, the eruptions seemed to be triggered by 3-4
years of high summer temperatures and low summer rainfall. Forests
on poor, sandy soil appeared particularly susceptible. Cramer (1962)
indicated that in Germany NM outbreaks occurred when the sum of the
average monthly temperature of May and June in 3 consecutive years
exczeded 32.6 C and the average precipitation in May of these years
remained under 80 mm. In the Netherlands, where NM epidemics are
rare, a large scale eruption recurred in the same locations that had
been affected 78 years earlier. Lunderstadt (1983), studying the
eco-physiological relationship between NM and spruce, concluded that
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several protein-bound amino acids are relevant for the control of
mass-flux within the plant-insect system. A relation between the
occurrence of NM epidemics and sunspots suggested by Jahn, could not
be confirmed statistically, although population increases appeared to
occur two years after a sunspot maximum (Klimitzek, 1976).
Fluoride-polluted spruce needles had a detrimental effect on the
development of NM larvae ( Mitterbock & Fuhrer, 1988).

Growth losses and mortality can be high and prolonged due to the
slow recovery of coniferous trees. Subsequent epidemics of bark
beetles often take a heavier toll than primary NM outbreaks. Spruce
is killed if it has been defoliated for 70-80%; pine is more
resilient, while larch usually recovers. NM outbreaks often affect
extensive areas of forest plantations. During the massive outbreak
in Poland in 1978- 1984, 6.3 million ha of Scots pine, Norway spruce
and mixed stands were affected, of which 0.5% was killed. (Sliwa &
Sierpinsky, 1986). In E. Germany in 1983 and 1984, extensive control
activities were necessary to control a NM epidemic on more than
300,000 ha of coniferous forest (Majunke et al., 1985). The effect
of defoliation on increment has been studied (e.g. by Blagovidov,
1986) while Abramenko & Myasoedov (1983) calculated the economic
effect of aerial control in relation to the mortality percentage of
trees.

Monitoring and forecasting

Methods have been developed for monitoring and forecasting
epidemics based upon counts per tree cf larvae, pupae, adults and
eggs (Wellenstein & Schwenke, 1978). In Hungary, light traps are used
for forecasting outbreaks of several injurious forest insects
(Szontagh, 1974). Monitoring of NM by using the sex pheromone of live
females started as early as 1932 in Czechoslovakia (Skuhravy, 1987);
monitoring research increased considerably after racemic disparlure
was synthesized in 1970 and proved to be attractive to NM (Schonherr,
1972). However, the relationship between the number of males caught
and the number of females or egg clusters has often been unreliable
(Jensen & Nielsen, 1984). No defoliation occurred in a Norway spruce
forest in Austria, where maxima of 2000- 3000 males per trap were
caught (Schmutzenhofer, 1986). Stand density was found to influence
trap catches.

Control

The use of racemic disparlure for control has focused on the
development of mating disruption techniques. In Denmark, appli-
cation of micro-encapsulated disparlure resulted in 2.5-3 times fewer
eggs and larvae than in untreated areas (Jensen, 1983), while in
Austria, a significantly reduced population resulted after spraying
20 g disparlure/ha (Schmutzenhofer, 1986). Mating disruption and mass
trapping are adversely influenced by high density populations (Alten-
kirch, 1985; Schroter & Lange, 1975). Cross-infectivity of NPVs
isolated from several lymantrids demonstrated that NPV from NM was
not only pathogenic to GM but, more importantly, a strain of virus



isolated from L. salicis had high pathogesnicity for L. dispar, O.
antiqua, and E. chrysorrhoea (Skatulla, 1385). In addition, a virus
strain from NM was found to be pathogenic to Panolis flammea
(Lodinger & Skatulla, 1986). Since NPV production is costly, one of
the obstacles to its wider application, a multiple-host NPV, would be
extremely useful. A review of the production of pathogens is given
by Huber & Miltenburger (1986). In field applications, foliage
protection of NPV-treated areas is often inadequate, but mortality of
trees may be prevented (Wellenstein, 1973). Although larval mortality
usually exceeds 90% (Altenkirch et al., 1986; Glowacka-Pilot, 1983),
long incubation periods and dense populations, account for the lack
of protection. The feeding intensity of infected larvae only
diminishes a few days before death (Glowacka-Pilot, 1983).
Significant reduction in feeding was obtained under laboratory
conditions by mixing sublethal doses of B: with NPV {Schonherr &
Ketterer, 1979). Although higher initial mortality ol first instar
larvae was confirmed by Altenkirch et al. (1986) ir Zield trials with
a Bt/NPV combination, complete defoliation could nct be prevented.
According to Marchenko & Emelyanchik (1981), Bt treatments should be
applied against 1lst and 2nd instar larvae at the onset of the
eruptive phase of an epidemic. During progradations, all instars are
less susceptible to Bt. Suppression of NM populaticns with Bt and
mortality over 90% have been reported by Bakhvalov et al. (1984), and
Zaripov (1981). However, other authors obtained mortality rates of
only 53% in lab trials (Altenkirch et al.. 1986) or 76% in the field
(Bejer, 1986).

In 1935 and 1936, the first aerial applications of insecticides
took place against NM in East Prussia in a forest of strategic im-
portance. Ten planes were used to distribute 322 tons each of cal-
cium-arsenate and dinitro-cresol over 20,000 ha of Norway spruce. In
addition to the death of nearly all songbirds, beneficial insects, 3
deer, 30 roes and a hare, one of the pilots was killed in a crash,
and 18 cows, 3 of which were later slaughtered, were affected by the
arsenic dust. The treatment killed ca. 80% of the NM population (Wel-
lenstein, 1979). Since then, the efficiency of chemical control hes
improved due to chitin inhibitors, pyrethroicés and other chemicals
less harmful to the environment and LV and ULV spraying. Although
chemical control is still widely applied (Harris & Levers, 1985;
Majunke et al. 1985; Brinkmann, 1982) because it is cheap, effective
and rapid, research is focused increasingly cn biocor.trol methods.

Artificial rearing
NM can be reared on artificial and semi-artificial diets for NPV

oroduction and other purposes (Grijpma, 1987).

Browntail Moth
Euproctis chrysorrhoea (L.)

Distribution and hosts
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The browntail moth (BTM) occurs in most European countries; in
N. and N.W. Europe, its distribution is limited to S. Sweden and S.E.
England from where its area extends to S.Russia. The Mediterrean Sea,
including islands such as Sicily and Sardinia, forms its southern
European border. BTM is a pest of broadleaved trees and shrubs; it is
a major pest of orchards and cork oak plantations. Other hosts
recorded, belong to Betula, Crataegus, Hippophae, Populus, Prunus,
Pyrus, Quercus, Rosa, Salix, and Ulmus. In the northwestern part of
its range epidemics occur on Hippophae rhamnoides in coastal areas or
the dunes of North Sea islands. On the Adriatic coast, Arbutus unedo
is a preferred host, while extensive areas of oak shrubs and coppice
are attacked in Yugoslavia and other Balkan states. Food plant
species and food quality influence pupal weight and the size of egg
masses (van der Linden, 1967).

Biology

BTM is a pest of open forests, brushwood, hedges and lame trees.
It is univoltine in N.W. and central Europe and bivoltine in the
southern and southeastern countries. Winter is passed as 2nd and 3rd
instar larvae in nests spun together from leaves at branch tips;
larval feeding resumes in spring and culminates in summer. The larvae
possess urticating, barbed hairs which cause skin irritation and
injury to eyes and the respiratory tract. The inflammatory reactions
are attributable to combined mechanical and toxic effects (de Jong &
Bleumink, 1977). Pupation occurs in clustered cocoons within folded
or loosely tied leaves. Adults deposit hair-covered egg masses,
containing 100-500 eggs on the underside of peripheral leaves in
nidsummer (Skatulla & Schwenke, 1978). Larvae skeletonize the
upperside of the leaves until autumn, when a communal winter nest is
formed that contains an average of 750 larvae.

Parasites, predators and pathogens

Some 92 parasite species have been recorded: 68 hymenopterans
and 24 tachinids (Auersch, 1955). Of the tachinids, Palesia
nudioculata, Masicera sphingivora (Sisojevic et al.,1976), Carcelia
lucorum and Lydella nigripes are considered most important. In
Sardinia, Pales Eavida was the most numerous tachinid, and a
Telenomus sp. parasitized 36.7% of the eggs (Delrio & Luciano, 1985).
Of the other hymenopteran parasites, Meteorus versicolor and
Eupteromalus nidulans have been recorded frequently. Polyphagy and
hyperparasitism reduce the effectiveness of most parasites. C.
sycophanta, tits and cuckoos are listed as major predators.
Epizootics of fungi (Empusa aulicae), NPV (Borrelina euproctis) and
microsporidia (Pleistophora schubergi, Nosema kovacevici) generally
cause the collapse of BTM outbreaks. Mortality caused by these
pathogens, alone or in mixed infections, varied between 72 and 77%
(Purrini, 1979; Sidor et al., 1975).

Outbreaks; conditions and damage
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Temperature and light are important requirements for the
development of BTM epidemics which can be stimulated by thinnings
(Tseitgamel, 1974). In its optimal development area in S. and S.E.
Europe, outbreaks are more frequent and last longer than in central
or N.W. Europe. In Portugal, where Q. suber occupies some 650,000 ha,
epidemics may last 7-8 years and reduce cork production. Loss in work
time of cork strippers due to severe—rashres—and eye irritation is an
additional economic effect. In Yugoslavia, BTM outbreaks occur
practically every year, but most economic damage is caused to fruit
orchards, where buds, flowers and fruits are attacked by larvae. In
oak, increment losses prevail, although repeated attacks may cause
mortality of trees. High daytime and low night temperatures in April
and May results in delayed flushing of oak and increased damage to
buds (Fankhanel, 1959). Consequently, varieties of late flushing oaks
are subject to more damage by larvae than early flushing varieties
(Pokozii. 1962).

Monitoring and forecasting

The sex pheromone of BTM has not been identified, light traps
(Szontagh, 1974) and population parameters such as the number, size
or weight of egg masses and the number or weight of winter nests are
used to monitor and predict population development (Malayi, 1978;
Longo, 1983). In order to get correct estimates in forecasting,
overwintering larvae should be examined for infective diseases.

Control

Winter nests on small trees and shrubs in orchards, parks and
roadside plantings are still manually removed and destroyed. By
putting winter nests in holes dug in the ground and applying
insecticide around the edges to prevent dispersal of the larvae,
parasites such as the braconid Eupteromalus nidulans, can be saved
for biocontrol (Uchinaka, 1973). The effectiveness of Bt preparations
against BTM in laboratory and field conditions was studied by
Korchagin (1983) who found that Bt var. galleriae and Bt var.
dendrolimus are effective only when the temperature exceeds 18°C.
Under semi-natural conditions, Dipel (Bt wvar. kurstaki) caused almost
immediate cessation of feeding but mortality (< 50% in 14 days) wes
slower than with chemical insecticides (Ruelle et al., 1978). In
Czechoslcvakia, the same preparation was considered more effective
than Bt var. thuringiensis and caused 99% mortality of BTM larvae in
14 days (Vankova & Novak, 1985). Mortality rates between 76-95 %
after 3 weeks were obtained by Gatignol et al. (1972) and Gorbunov &
Mishnev (1983). According to Malyi & Ovsyranikova (1678), the effect
of Bt treatments depends on the phase of the outbreak; larvae are
Jost susceptible towards the middle and end of an epidemic.
Foodplants can influence the effectiveness of treatments (Cabral,
1977). The addition of sublethal doses of insecticides to Bt
treatments generally produced synergistic effects. In chemical
control, DDT, lindane, trichlorphon, carbaryl and, mcre recently, the
oyrethroids and diflubenzuron have been used to suppress BTM
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populations (Gorlitz et al., 1978; Strand & Sylvester, 1981). A
large-scale outbreak of BTM in roadside plantings of oak trees that
had lasted for 12 years in the South of the Netherlands was brought
under control by aerial application of diflubenzuron in 1978. Few
trials have been done on the use of microsporidia and NPV for control
of BTM. In laboratory tests, Atanasov (1984) obtained 100% mortality
of 2nd igstar larvae that had been sprayed with 2.9 million poly-
hedra/cm”. Skatulla (1985) isolated a NPV from L. salicis with high
pathogenicity for BTM, GM and 0. antigqua.

Rearing

Natase (1974), reared BTM in January in the laboratory on leaves
obtained by forcing Populus nigra var. italica.

St dimn imeo=t'h
Leucoma salicis (=)

Distribution and hosts

The oligophagous satin moth (SM) is distributed throughout
Europe where the host genera Populus and Salix occur: from N.
Scandinavia (Lappland) to the Mediterranean Sea, including Corsica
and in the whole of European Russia. Damage on willows is usually
less important than on poplars. In the genus Populus, the selection
Aigeiros, with species such as P. nigra, the introduced P. deltoides
and their hybrids, are most susceptible to attack but species of
other selections such as P. alba, P. canescens, P. tremula, and P.
tremuloides may also be defoliated. Increased larval mortality has
been noted when larvae fed on the latter species. Under laboratory
conditions, 100% mortality was obtained when SM larvae were reared on
P. trichocarpa-leaves; late instar larvae and pupae showed symptoms
of hormonal deviations (Grijpma, unpublished).

Biology

SM is univoltine in northern and central Europe but has two
generations in its southern range (e.g. Italy and Spain). Adults
appear in early summer; males are active nocturnal flyers but females
are stuggish and rarely disperse over long distances (Nef, 1978).
Egg batches, covered with a white spumilin layer containing 50-500
eggs, are deposited on tree trunks or undersides of leaves. Larvae
skeletonize the leaf underside before overwintering as 2nd or 3rd
instars in silken hibernacula in bark crevices. Feeding resumes in
early April and lasts until early June. Moulting and pupation occurs
in large groups on the trunks or near branch axils.

Parasites, predators and pathogens



Pisica et al.(1978) listed 42 hymenopterans and 15 tachinids
parasites. The egg parasite Telenomus nitidulus is cne of the most
important hymenopterans and may attain average parasitization
percentages from 7-22% (Zakharieva, 1983) up to 53% (Teodorescu,
1980). Temporal and spatial distribution of this parasite was studied
by Nef (1976), and host specificity and oviposition behaviour by
Grijpma & van Lenteren (1988). Data on T. nitidulus were used in a
study on sib-mating and sex ratio strategies by Waage (1982).
Trichgranma also attacks SM eggs but is of less importance as it only
parasitizes eggs that are not covered by the spumilin layer. Of the
other hymenopterans Cotesia melanoscelus, Apanteles spp., Meteorus
versicolor and Rogas spp. are among the most frequently recorded.
According to Obozov (1968), Apanteles rubripes and Rogas pelluscens
destroyed ca 70% of SM larvae during an epidzmic in the Caucasus. The
benaficial effect of most parasites is often counteracted by
hyperparasites (Vasic & Minic, 1979).

Of the tachinids, species of Linnaemya (Dondikov, 1974),
Carcelia, Exorista and Zenilla play a major role. Knubenov (1983)
recorded SM as a new host for Exorista prateasis. In W.Germany and
Austria, the parasitic nematode Hexamermis albicans was recovered
from SM and GM larvae. Of the pathogens, NPV (Sidor et al., 1978)
and CPV have been found in SM larvae, the former occurring more
frequently (Ziemnicka, 1981). Skatulla (1385) isolataed a strain of
NPV, highly pathogenic to GM, BTM and Q. antiqua. Slizynski & Lipa
(1975) obtained a CPV from Dendrolimus pini that was also pathogenic
to SM, GM, BTM and 0. antigua. An epizootic of an unindentified
Fusarium ended a large- scale epidemic of SM in Russia (Ogarkov &
Oga-kova, 1979).

Outbreaks; conditions and damage

Extensive areas of even-aged poplars are the origin of SM
epidemics; in addition, high temperatures and drough- in years
preceding epidemics favour the developmentz of SM pcpulations.
Mar:zkovskii (1977) suggests that drought may result in the loss of
nectar-producing plants and subsequent lack of parasites. Luitjes
(1973) calculated increment and financial losses due to an SM
outbreak in the Netherlands. Complete defoliation may result in
increment losses as high as 60% per year but rarely causes
mortality. After 4-5 weeks, trees have recovered full foliage.

Monitoring and forecasting

In the Krasnoyarsk region of Siberia, SM epidemics have a cycle
of 10-11 years; they precede outbreaks of Dendrolimus sibericus and
could serve as indicator for the latter (Galkin, 1976). Critical
numbers of larvae (i.e. the number of larvae causing complete
defcliation) as related to the age and foliage volume of poplar trees
are reported by Nef (1978).

Control
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The effectiveness of NPV stored at 4-5°C for U years is not
reduced and causes 100% mortality in larvae after 17 days: Young
larvae are more susceptible to NPV than older ones; first instars are
infected during hatching if the surface of the egg cluster is
contaminated with NPV (Sidor et al, 1978). The possibility of
combining NPV and sex pheromones in open traps with a view to
spreading the virus in SM populations has been suggested (Grijpma et
al., 1986). The effectiveness of NPV strains may differ considerably;
Lameris et al.(1985), found that an isolate from Poland was about 7
times as infective as a Yugoslavian isolate. Temperature and host
species influence the mortality caused by NPV (Kusevska, 1972). An
epidemic on poplar in an area of 100 ha in Switzerland was
successfully controlled by applying Bt; mortality rates were between
92-94% a week after treatment (Maksymov, 1980). Kuzmanova et al.
(1980) selected a highly effective strain of Bt that caused 100% SM
mortality in a field test after 2-6 days. Bt var. kurstaki was found
more effective than var. galleriae and var. dendrolimus
(Szalay-Marszo et al., 1981). Nef (1972), compared the effectivity of
DDT, Bt, and NPV and concluded that Bt reduced larval populations of
SM as effectively as DDT but with comparatively little effect on
parasites. The initial effect of NPV was slight but continued in
later development stages of SM larvae. In Yugoslavia, diflubenzuron
has been used in field applications against SM; feeding stopped.in
5-7 days and resulted in complete control.

Artificial rearing
A continuous rearing method based on leaf-producing poplar

cuttings yielded a non-diapausing strain of SM with 5-6
generations/year (Grijpma et al. 1986).
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Distribution and hosts

The rusty tussock moth (RTM) or common vapourer, occurs
throughout Europe from N. Scotland, Sweden and Finland to the Urals
including in the South, the Mediterranean countries and the Balkan
States. Outbreaks have occurred on spruce at elevations up to 1600 m.
It is a highly polyphagous species that attacks trees, shrubs and
herbs. Important broadleaved host genera are: Fagus, Quercus, Betula,
Carpinus, Populus and Ulmus; the conifers attacked include Picea,
Abies, Larix and Pinus (Wellenstein, 1978). RTM is an important pest
of orchards.

Biology

Single-layered egg clusters, deposited by the wingless female on
the remains of the cocoon, contain 50-300 naked eggs that overwinter
(Wellenstein, 1978). In its northern distribution area, RTM has one
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generation a year while in warmer countries (e.g. Spain) 2
generations occur. In the latter case, adults are prassent in summer
and again in late summer or early autumn. In the Crimea, as many as 3
generations may occur (Galetenko & Pastukh, 1980). The larvae bear
tufts of yellow and brown poisonous hairs. Under unfavourable field
conditions, larval development lasted 98 days (Skatulla, 1974).
According to Wellenstein (1978) female larvae pass through an
additional 5th instar, but Littlewood (1984) indicates that both
sexes experience 5 moults. Pupation occurs between the foliage or in
the undergrowth during epidemics. In Russia, research has been done
to synthesize and test the RTM sex pheromone (Smetnik et al., 198J).
RTM is attracted to the sex pheromone of 0. pseudotsugata (Brewer et
al., 1985).

Parasites, predators and pathogens

At least 28 hymenopterans and 8 tachinids have been recorded as
parasites (Wellenstein, 1978). Of the Hymenoptera, the egg parasite
Telenomus dalmanni is of major importance; parazitization of over 50%
and 61% of the eggs was reported respectively by Wellenstein &
Fabritius (1973) and Kanecka et al.(1987). The former authors also
list additional egg parasites found in Russia, e.g. Ooencyrtus
pinicola and Trichogramma evanescens. T. dalmanni. and Trichogramma
cacoeciae are also important parasites in orchards (Niemczyk et al.,
1973). Of the other Hymenoptera, the effectivity of Phobocampe
crassiuscula which parasitized 16% of 3rd instar larvae (Skatulla,
1974), was greatly reduced by hyperparasites (Gelis spp.). Pimpla
turionellae and P. instigator parasitized pupae but were of minor
importance. Of the tachinids, Carcelia amphion, C. lucorum and
Comosilura concinnata have been recorded frequently (Mills and
Schoenberg, 1985). Birds, in particular tits and the pentatomid
Picromerus bidens are major egg predators. Under laboratory
conditions, the red wood ant, Formica polyctena, did not predate on
3rd instars but plucked out the hairs of older larvae. On average,
62% of tnese larvae died before pupation (Schmidt, 1985). Of the
pathogens, the fungus Paecilomyces farinosus and NPV have been
recorded as main factors that controlled an RTM epidemic in 1972 in
southern Germany (Skatulla, 1974). An NPV was also isolated from RTM
larvae in Bulgaria (Atanasov et al., 1983).

Outbreaks; conditions and damage

RTM is not a major forest pest; outbreaks usually occur in
relatively small areas and collapse in 2-3 years. Epidemics over
areas larger than 1000 ha have occurred in Sweden, Finland and
recently in Czechoslovakia, where over 3300 ha of Norway spruce wsare
attacked in the Bohemian Moravian Mountains in 1985/86 (Kanecka =t
al.,1987). Direct damage is limited to increment losses; but in
coniferous forests, subsequent bark beetle attacks may cause
additional damage. In central Europe, epidemics occur at intervals of
50-60 years; outbreaks often start in the middle of the forest -but
otherwise few preferences regarding site conditions have been
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recognized. Trees of all ages are attacked (Wellenstein & Fabritius,
1973). Pinder & Hayes (1986), indicate that above average winter
rainfall and below average summer rainfall occurred prior to an
outbreak of RTM on 50 ha of Picea sitchensis in central Scotland. In
addition, increased severity of defoliation was associated with lower
relative height growth and lower phosphorus and potassium content of
the needles.

Monitoring and forecasting
The sex pheromone of Q. pseudotsugata attracts RTM (Brewer et
al., 1985) but possibly due to the long intervals between epidemics,
no data were found on methods for monitoring RTM populations in
forests. Several authors (Bogenschutz, 1975; Lipa, 1983) stress the
need to determine the rate of parasitism, predation and infection by
pathogens as an element of forecasting in order to evaluate the
necessity of applying any control. During the 1985/1986 outbreak in
Czechoslovakia, control was limited to only 300 of 3326 ha because T.
dalmanni parasitized 61% of the eggs and other natural enemies
eliminated another 25% of the larvae (Kanecka et al., 1987).

Control

Nearly all references on the control of RTM refer to the use of
Bt, pyrethroids, diflubenzuron and other chemical insecticides in
orchards. As treatments and effects are probably quite different
under forest conditions, only a few are included here. Deltamethrin
and bioresmethrin were not toxic to T. dalmanni and T. cacoeciae
during their development in eggs of RTM (Niemczyk et al., 1979). Lipa
et al. (1977) applied 3 varieties of Bt at U4 concentrations and found
that all treatments were effective in reducing the number of larvae
below the economic threshold. A combination of Bt with a sublethal
dosage of chlordimeform was even more effective. The effect of Bt on
the histology of 2nd and 4th instar larvae was described by Galani
(1973). According to Dronka et al. (1978), Bt var. kurstaki gave
excellent control and was as effective as the insecticides
fenitrothion, malathion, trichlorphon and dichlorvos. Skatulla (1973)
tested the effect of Bt sprayed on different food plants, and found
that the same concentration killed 100% of RTM larvae on pear in 3
days, while on spruce only 48% were killed in 9 days. Antibiotics
and other factors in food plants are responsible for differences in
effectiveness. Application of Bt during an RTM outbreak in a mature
spruce forest caused 53% mortality; within 10 days the disease spread
to untreated parts of the forest (Skatulla, 1974). Svestka & Vankova
(1978) obtained good results with a combination of Bt with a
sublethal dosage of permethrin.

Rearing

RTM can be reared on a general artificial diet (e.g Berger,

1963) .
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Pale tussock moth
Calliteara (D 2 's v .cih i =g8)
pudibuwunda (L.

Distribution and hosts

The taxonomy of the pale tussock moth (PTM), has been elucidated
byoHalloway (1982). PTM occurs throughout Europe between 42° and
60~ N latitude. Its European distribution area is l:imited to the
East by the Urals and to the West by Wales and Portugal. The species
is highly polyphagous on deciduous trees. bushes and herbs; excepting
Larix, it usually avoids coniferous trees. The main host is Fagus;
other genera attacked are Carpinus, Quercus, Ulmus, Populus, Juglans,
Tilia, Acer, Betula, Calluna, Vaccinium, Vitis, and many others
including several orchard trees. The natural range of beech primarily
determinas the range of PTM.

Biology

PTM has one generation a year; it overwinters &s pupae and
adult activity occurs from late May to mid-June. Sirgle-layered,
naked egg masses containing 50-300 eggs zre deposited throughout the
forest vegetation on trunks, branches and leaves. Larvae hatch 3
weeks after oviposition and remain colonial for a few days before
feeding. They feed for approximately 6 weeks during which they moult
4-8 times. (Vite, 1952; Vite & Kliefoth, 1955). Due to their
inefficient feeding, the ground is usually covered with partly
consumed leaves. Pupation takes place in a cocoon in the soil or in
sheltered places.

Parasites, predators and pathogens

At least 21 hymenopterans and 9 tachinids have been recorded as
parasites, of which the Hymenoptera Pimpla instigator, Gregopimpla
inguisitor, Automalus alboguttatus and Microgaster globatus and the
tachinids Carcelia gnava and C. amphion have been found most
frequently (Wellenstein, 1978; Herting, 1360; Vite & Kliefoth,
1955). PTM was recorded as a host for a naw dipteran, Rhacodinella
apicata (Larvaevoridae) in Poland (Karczewski & Drabar-Monko, 1978) .
Birds, mice and carabids are major predators but it is doubted if
zhey are responsible for the collapse of epidemics; that role is
usually attributed to CPV (Urban, 1967) and NPV diseases (Jahn &
Weber, 1966). A CPV isolated from PTM was tested on a cell line of
GM by Skatulla (1987) but less than 1% of the cells replicated the
virus.

Outbreaks; conditions and damage

In Germany, two consecutive warm and dry summers in areas with
extensive forests of mature beech, often resulted in PTM outbreaks
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(Wellenstein, 1978). Klimitzek (1972), determined a positive linear
relationship between the extent of beech forests and the frequency of
outbreaks. Although PTM epidemics were numerous in the first half of
the 19th century in Germany, they have become less frequent, possibly
because of milder winters, wetter summers and a decrease in area of
beech forests. Since PTM is a late summer feeder, increment losses
are usually limited and do not exceed 7% (Schneider, 1954).
Measurement of the nutrient fluxes in a beech forest during an
outbreak in 1971-1973 in S. Sweden indicate that increment losses
cannot be clearly attributed to defoliation. In 1973, nitrogen,
phosphorus and potassium in throughfall precipitation was three times
that of 1971 (Nilsson, 1978).

Monitoring and forecasting

The sex pheromone of PTM has not yet been synthesized;
therefore, outbreak density of the population is predicted on the
basis of pupal counts (Zwolfer, cited in Wellenstein, 1978).

Control

Although increment losses are usually low and control is not
recommended, chemicals have been applied successfully in a beech
forest to save a major seed crop for the purpose of forest
regeneration (Konig, 1954). In order to maintain high populations of
predatory birds, nest-boxes are installed. No reports on the
application of microbial control methods against PTM were found.

Rearing

PTM can probably be reared artificially on a general purpose
diet (e.g Berger, 1983).

EPILOGUE

The importance of the species dealt with in this overview is
indicated by the estimation of area affected in some European
countries (Table 1). The areas affected by GM and BTM include
orchards, plantations of cork oak, brushwood and coppice. All other
areas refer to epidemics in forests.

The NM calamities in Poland (1978-1984) and East Germany
(1983-1984) started in large-scale Scots pine plantations on poor
sandy soils. As the lymantrids are notorious forest pests not only in
Europe but also in Africa, Asia and North America where the areas of
forest plantations are continuously increasing, damage caused by this
insect family may be expected to increase. A joint international
effort to develop control strategies for stemming the losses caused
by this insect family appears feasible and of high priority.
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Table 1. Total area (1000 ha) infested by Lymeantriid species
during 1972-1987.

Countries GM LM BTM SM RTM PTM
Austria 0.3 = -a -a - -
Czechoslcvakia 18. 0.4 - 0.4 8.1 0.1
Denmark = 2.3 -a - -~ 0.1
France 220.0 - -a ) - -
Germany {FRG) - 5.0¢ -a -a - 0.4c
Germany (GDR) -b 300.04d -b -5 -b -b
Hungary 53.0 -b 18.7 2.4 -b -b
Italy 234 .0c -a 631.6¢c -5 - -
The Netherlands o2 353 -a 0.3 - -
Poland -b 6,300.4d -b -5 -b -b
Switzerland 0.1 - 0.5 (0) 1, - -
United Kingdom - = -a - 0.1 »
Yugoslavia 2,593.3 N7 2R 1! 0.3 04 =
Total 3,118.8 65161727 762.9 4.3 8.3 0.6

a) Defoliation of lane trees, hedges, shelterbelts: area unknown. b)
No data provided. c) Data refer to part of tae country or period. d)
Area actually controlled.
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LYMANTRI ID FPOREST PESITS
IN CHINA

Zilin Sun, Research Institute of Forestry, Chinese
Academy of Forestry, Wan Shou Shan, Beijing, China

INTRODUCTION

The Lymantriidae are among the most important pests
of Lepidoptera, distributed throughout the world(1).
There are about 2500 known species in the world, 270 of
which are recorded in China, 93 of which are forest pests
and about 12 are important defoliators (1,2, 20).
Lymantriids may infrequently cause damages to many tree
species though only a little research work has been done
on them., Many coniferous and deciduous trees and trees of
economic importance could be infested over a large area,
After outbreaks, tree growth usually is slowed, sometimes
a great number of trees are killed. Since 1950, a number
of papers on the fauna, biology, infestation and control
measures of lymantriids have been published. Extensive
efforts have been made to control lymantriid pests more
effectively, but so far, they still cause considerable
economic losses in national economy.

Brief introductions on the fauna of Lymantriidae in
China and the host plant, distribution, biology,
infestation and control measures of 12 forest lymantriids
are given below,
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FAUNA OF LYMANTRIIDAE IN CHINA
Number of species in various genus of Lymantriidae
recorded by Chao Zongling
generic name number of species
Lymantria 27
Dasychira
Gynaephora

£
-

-

Orgyia
Aroa
Cifuna
Laelia
Arctornis
Stilpnotia
Ivela

-
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Leucoma
Redoa
Kanchia
Pantana
Pida
Numenes
Daplasa
Parocneria
Perina
Topomesoides
Porthesia

- -

~N =
[04]

Euproctis
Mardara
Imanus

Dura

Medama
Heracula
Parakanchia
Cispia
Imaida
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Total 270
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Pine lymantriid, Dasychira axutha Collenette

Host: Pinus massoniana, P. tabulaeformis, P. elliotti,
P. taeda.
Distribution: Guangxi, Guangdong, Hunan, Jiangxi,
Zhejing, Liaoning, Heilonggjiang.
Biology and infestation:

They may often occur in admixture with D.punctatus
in masson pine plantation. They can consume up all the
pine needles in a stand and reduce tree growth or kill the
trees, But sometimes they serve as intermediate hosts for
the natural enemies of D.punctatus, There are 3-4
gererations a year in Guangxi and Henan. It overwinters in
the stage of mature larva or pupa, depending upon locality
and season. Adults fly in mid- or late May. Larvae of
various generations feed from April to November, Irregular
egg masses are laid on pine needles, consisting of 50-100
eggs, averaging 40 eggs., Larvae usually hatch ir the early.
morning. After hatching, young larvae cluster round the
chorin and consume part of it, then eat the edges of
needles, Third-instar larvae begin to consume whole
needles, leaving an inch of needle's basal part on the
twig. They start to eat from the middle of needles and
leave a lot of broken needles tips on the ground, This is
somewhat different from the damage caused by D.punctatus.
The mature larvae pupate in the debris around the basal
part of trunk or in the weeds or roots of shrubs, besides
they also pupate in the bark crevices, limbs of branches,
mud holes or under the stones,

In Guangxi province, they often occur in the stands
facing south and back to the wind with a bigger canopy
density. It was reported that severe outbreaks had
occurred both in Guangdong and Guangxi provinces,

It has a variety of natural enemies such as Telenomus
dasychiri, Trichogramma dendrolimi and Anastatus spp. are
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egg parasites; Casinaria nigripes and Apanteles ordinarius

are larval parasites; Xanthopimpla pedator, Brachymeria

spp. Blepharipa zebina, Carcelia rasella and Myxexoristops
bicolor are pupal parasites; Beauveria bassiana,

Thuringensis sp. and a NPV are microbial parasites.

Nun moth Lymantria monacha (L,)

Host: Fortune Keteleeria, Pinus yunnanesis, Armand pine,
Chinese Douglas fir,
Distribution: Heilongjing, Jilin, Liaoning, Zhejiang,

Sichuan, Yunnan, Guizhou, Taiwan.
Biology and infestation:

In an outbreak, they may infest the deciduous trees
and also agricultural crops like corn and rice near the
forest. When in severe outbreak, conspicuous defoliation
can be seen and trees may be killed if they are infested
2-3 years consecutively. Since 1953, fortune keteleeria
plantation covered an area of about 100,000 hectare in
Yunnan and Guizhou border were infested, among which
mortality of the trees in individual plot reached 70%.
Economic losses were caused both in forestry and
agriculture.

There is one generation a year in Yunnan province,
Fully developed young larvae overwinter in the eggs. Young
larvae hatch in mid- and late March. Newly hatched larvae
cluster on the trunk and consume part of the chorin. After
3-4 days, they scatter to the needle clusters on crowns.
First and second instar larvae only eat a little and can
spit silk to disperse, Third instar larvae eat much more
than the young larvae, At first, tney infest the needles
on the lower crown and then crawl upwards to the upper
crown. When in severe outbreak, they feed on the needles
day and night, and eat up all of them. The larvae prefer



to migrate to shady places and stop eating when the sun-
light is strong. But on rainy days, a few of them may con-
tinue to eat. Mature larvae pupate in tree holes or bark
crevices. Cocoons are thin and sparse, locating under
sparse mud along fields, debris on the forest floor or in
shrubs. The pupal stage lasts 15-20 days. Adults fly in
early June. The peak time for flight is from early June to
early July, and eggé are laid in 3-5 days after emergence.
Egg masses consist of 15-20 eggs usually locating in the
coarse bark crevices. Each female may lay 97-304 eggs,
averaging 200.

Gypsy moth, Lymantria dispar (L.)

Host: oak (Quercus spp.), larch (Larix spp.), persimmon,
poplar, plum, salix, elm, betula, spruce, maple,
linden, apple, apricot, etc., about 500 species.

Distribution: It was recorded in all provinces that lie

completely north of the 30°N latitude, as
well as Hunan and Guizhou provinces situated
south of that line.

Biology and infestation:

Gypsy moth is a widespread pest in China, where in
general it occurs more commonly in the northern half of
China. There is one generation a year. It overwinters in
the egg stage. There are variations in larval color mor-
phology: most of them are generally mottled dark gray,
others are unusually yellow, and a few of them are black-
backed mutants (l4). Larvae hatch in late April or early
May. After hatching, young larvae remain on the egg cases
for some time. They feed first on young buds and then the
new leaves, when the weather gets warmer. The larval
stage usually lasts one and a half months. Starting
from mid-June, mature larvae begin to pupate in tree holes

or trunk crevices, on twigs or branches, or under stones.
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Both males and females can and begin to flv in late June
(14). The peak time for flight is from mid- to late July.
Egg masses are laid on tree trunks or branches, on stumps
or stones or under roofs. A female may lay 400-1200 eggs.
The males can also be attracted by the American disparlure
enantiomers and there are many natural enemies for gypsy
moth in China(14,15).

It is reported that the epidemic cycle is about 8
years: 1 year for latent phase, 2-5 years for propagation
phase and 2 years for epidemic phase. There are epicenters
in endemic phase, If under condition of adverse weather,
for example in drought, the propagation phese may be
shortened and the epidemic phase prolonged. In 1974-1976,
there was an severe outbreak in the southern part of
Liaoning province. A lot of oaks, poplars, elms and apples
were damaged,

Dasychira melli Collenette

Host: Chinese fir

Distrioution: Jiangsu, Zhejiang, Hubei, Hunan, Jiangxi,
Sichuan, Guangdong, Guangxi, Fujian

Biology and infestion:

There are 5 generations a year in Hunan. They
overwinter as pupae under litter or stones on the forest
floor. Adults appear in April of the following year. The
larval stages of the 3 generations are: May-June; July-
August; October-November, It was reported that in 1981,
there were outbreaks in You County and Liling County,
Hunan province, over an area of atout 300 ha, about 100
ha of which were severely defoliated. The damage brought
serious losses to the timber procuction,
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Lymantria dissoluta Swinhoe

Host: Pinus massoniana, P. tabulaeformis, P. thunbergii,
Quercus sp. cypress
Distribution: Anhui, Jiangsu, Zhejiang, Hubei, Hunan,
Jiangxi, Fujian, Taiwan, Guangdong, Guangxi
Biology and infestion:

There are 3 generations a year in Anhui,
Overwintering is in the egg stage. Eggs start to hatch in
May. Newly hatched larvae feed gregariously on the needles
at night. It pupates in mid-June, Pupae are formed in the
bark crevices on trunk about 2M or below from the ground.
Adults fly in late June, which are attracted by light and
lay eggs in the evening. Egg masses are mostly located in
bark crevices or on tree limbs., A female may lay 180-250
eggs. Larvae of the second generation appear in early
July, and those of the third generation in early August.
Adults of the third generation appear in late September,
It was reported that there was an outbreak in massion pine
stands in the region between the Yantze River and Yellow
River over an area of 10,000 ha.

Lymantria xylina Swinhoe

Host: horsetail beewood, Eucalyptus, willow, oilteatree,
oriental plane tree, and other fruit trees,

Distribution: Fujian, Guangdong, Taiwan.,

Biology and infestion:

There is one generation a year in Fujian,
Overwintering is in the egg stage. Eggs hatch in May.
There are seven instars in the larval stage, which is from
mid-March to mid-June, The adult stage is from late May
to late June. Newly hatched larvae have a habit of
aggregation and can spit silk and disperse by the wind.



58

Third instar larvae begin to eat more, Mature larvae
pupate in tree limbs or leaves. The pupal stage lasts 5=14
days. A female lay only one egg mass of about 1000 eggs
with a maximum of 2435 eggs. It was reported that there
was a severe outbreak in the horsetail beewood shelterbelt
in Putian Region in Fujian over an area of 6000 ha,
sometimes it causes very severe infestations.

Stilpnotia salicis (L.)

Host: poplar, willow, filbert, maple.

Distribution: Heilongjiang, Jilin, Liaoning, Hebei,
shanxi, Inner Mongolia, Xinjiang, Qinghai,
Ningxia, Gansu, Tibet,

Biology and infestation:

There is one gemeration a year in Inner Mongolia, Tre
second instar larvae overwinter in the trunk crevices,
They begin to feed on the leaves in May. Usually severe
defoliation are caused in June, Larvae are active in
daytime. Cocoons are formed in bark crevices on trunk.
Adults appear in July, Eggs are laid on tree trunk terder
twig or back of leaf, A female may lay one egg mass of
about 250 eggs. Outbreaks are often occurred in Inner
Mongolia and XinJjian,

Stilpnotia candida Staudinger

Host: poplar, willow, tea tree,
Distribution: Heilongjiang, Jilin, Liaoning, Inner
Mongolia, Hebei, Shanxi, Henan, Hunan,
Sichuan, Fujian, Jiangxi, BeiJjing, etc.
Biology and infestation:
There are two gemerations a year in Beijing.



Overwintering is in the larval stage. Larvae begin to feed
on the leaves in April, Larvae usually crawl down the tree
and hide themselves in the shade, feeding on the leaves at
night. Mature larvae pupate in bark crevices or tree limbs,
Adults appear in early June, laying eggs on tender twigs,
tree trunk or back of leaf, Larvae of first generation
appear in mid- and late June and adults appear in late
July. Larvae of second generation appear in August. Young
larvae overwinter in late October., It is an important pest
of shade trees and shelterbelts.

Parocneria orienta Chao

Host: Chinese arbor vitae
Distribution: Zhejiang, Sichuan, Hubei,
Biology and infestation:

There are two generations a year in Sichuan,
Overwintering is in the egg stage, First generation lasts
from February to mid-June. Second generation lasts from
mid-June to October. Larvae of first generation infest
seriously from early May to late May, while those of second
generation from late August to mid-September. But the
infestation of first generation is heavier than the second
one, Outbreak occurs infrequently.

Parocneria furva (Leech)

Host: Juniper, cypress, Chinese arbor vitae,
Distribution: Hebei, Shangdong, Henan, Liaoning, Shanxi,
Anhui, Jiangsu, Zhejiang, Hubei, Hunan,
Jiangxi, Sichuan.
Biology and infestation:
There are two generations a year in Beijing area,
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Overwintering is in the larval stage, Larvae start to
infest leaves in April. Cocoons are formed in June, Adults
appear in mid- and late June. Eggs are laid on petioles or
leaves in irregular piles consisting of 20-65 eggs. The
egg stage lasts for about 14 days. Larvae of first
generation appear in early July and feed on leaves at
night. In daytime they move downward and hide themselves
under darks or tree limbs, There are seven instars in the
larval stage, lasting about 65 days. Cocoons are formed in
the leaf clusters or bark crevices. The pupal stage lasts
5-18 days. Acults are attracted by the light traps. In
early spring, larvae are fond of eating tender buds,
causing sericus damage to trees, Sometimes the trees are

defoliated seriously.

Euproctis yunnanpina Chao

Host: Pinus yunnanesis Franch, P. knasya Royie et Cond.
Distribution: Yannan, Guangxi.
Biology and infestation:

There are two generations a year in Yunnan,
Overwintering is in the larval and pupal stages, Larvae of
first generation feed on needles from June-August. They
begin to pupate in mid-August, Adults of second generation
appear in early September, Larval infestation to the
needles is serious, making trees turn to yellow over a
large area, The larval hairs are somewhat poisonous to
humans, causing a skin rash or other form of allergy.
Pupae are formed in mud crevices and tree roots or under
litter on forest floor., In 1980-1981, there were
infestetions over an area of 100,000 ha in Yunnan, among
which 6000 ha of the forest were heavily damaged.



61

Pantana phyllotachysae Chao

Host: bamboo

Distribution: Zhejiang, Jiangxi, Hubei, Hunan, Guangxi,
Sichuan

Biology and infestation:

There are 3 generations a year in Jiangxi.
Overwintering is in the egg stage. Eggs are laid mostly on
bamboo leaves, a few on bamboo rods. Eggs hatch in late
February. Adults appear in mid- and late June. Eggs of
second generation hatch in late June, those of third
generation in mid August. Adults fly in October. The adult
stage lasts 10-13 days. Larvae feed on bamboo leaves. When
in severe infestation, they cause the bamboo groves turn
into yellow, even kill bamboos over a large area. In 1973,
accumulated infested area in Liuzhou, Guangxi province,
reached more than 100 ha,

CONTROL

There are usually 4 kinds of method for control the
lymantriids in China:

1. Chemical control is the principal method, in which
spray of diptrex, cygon and malathion diluted with
water or chemical smokes are used,

2. On occasion, Bt or Beauveria bassiana are used to

control Pantana yunnanpina and Dasychira axutha in

southern China.
3. Light traps sometimes are used for collecting adults,
4. Physical control, such as ploughing in the trees or
piling soil around trees trunks on the ground is used to
kill larvae or pupae,
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SUMMARY

In general, Chinese forest lymantriids occur with
periodic outbreaks. Species in the South are much more
than those in the North, so is the seriousness, The fauna
of Lymantriidae in China is quite clear, The research on
forest lymantriids stressed mainly on biology and control,
lacking of deepened research in various other respects,
More efforts are needed for better understanding and
control.
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OVERVIEW OF PEST LYMANTRIIDAE

OF NORTH AMERICA

William E. Wallner, USDA Forest Service, Northeastern Forest
Experiment Station, Hzmden, Connecticut 06514 USA

INTRODUCTION

Although over 2,500 species of Lymantriidae have been described
worldwide, only 33 species are native to the United States and
Canada; most are from the 0l1d World tropics. Species from the genera
Lymantria, Leucoma, and Euproctis have been introduced into the
United States and Canada from the 0l1d World and, together with native
lymantriids, they constitute the most economically important family
of forest Lepidoptera in North America. More than 30% are considered
pests; these species have, for that reason, received the greatest
research attention. An overview of the history, distribution, and
immediate and past research efforts is described for three native and
three introduced lymantriid pests. Subspecific distributions are
also given for the three lymantriids native to North America.
Ferguson (1978) relegated these to subspecies rank based upon
morphological traits. However, subspecies integrity needs further
clarification using isozyme analyses or host plant acceptance.

Research emphasis has been related directly to those lymantriids
that present the most serious threat; support funding traditionally
has been correlated with hectares of defoliation. The gypsy moth,
Lymantria dispar (L.), and Douglas-fir tussock moth, Orgyia
pseudotsugata (J.E. Smith), received accelerated USDA research
funding during periods of excessive damage. Although research
support for these species has diminished markedly, substantial
financial and administrative support still exists to conduct
continuing high-priority studies on latent and expanding
populations. The concepts of monitoring, early intervention in
population cycles, and the attempt to integrate various suppression
strategies are among present goals. The current status of research
on these as well as other lymantriids follows.

NATIVE LYMANTRIIDS

Rusty T ul s st @ crk Mo th
Orgyia antiqua (L.)

The rusty tussock moth (RTM) is a holarctic species and the most
northern member of the genus Orgyia in North America. It ranges
across southern Canada and northern United States, south to the
Middle Atlantic States and northern California. The range of food
plants is extremely diverse including more than 50 species of
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deciduous trees and shrubs as well as nearly all conifers with ths
exception of Juniperus spp. Preferred hosts include fir, spruce,
larch, pine, hemlock, Douglas-fir, birch, alder, willow, poplar,
maple, cherry, apple and elm (Tietz, 1972). This broad host range
may reflect the action of three distinct subspecies, 0. antigua nova
Fitch, 0. antigua badea Henry Edwards, and 0. antigua argillacae;
nova closely approximates European nominate subspecies (Ferguson,

1978).

Distribution of the
rusty tussock moth,
Orgyia antiqua, and
its subspecies in
North America

Despite its broad distribution and host plants, emergence of RTM
adults is remarkably consistent--early August to mid-September. In
the Eastern and Western United States, at the southern fringes of its
range, a few early summer adult records suggest the =2xistence of two
broods per year.

Winter is passed as eggs deposited in single-layered, naked
masses on cocoons; larvae develop as solitary feeders after
dispersing as first instars. Populations are occasionally found in
insect surveys with moderate to broad amplitudes in zbundance (Canada
Dept. For., 1962). Periodically, the RTM causes conspicuous
defoliation. Outbreaks are most common in Canada, although locally
heavy defoliation has been reported from Montana and Idaho in the
United States. Traps baited with the Douglas-fir tussock moth (DFTM)
(0. pseudotsugata) pheromone attract RTM males as well as three other
western tussock moth species (Daterman et al., 1976). Interspecific
pheromone responses by seven tussock moth species to the Z-isomer of
the DFTM pheromone suggest it is a sex pheromone component for a
number of species. While RTM and whitemarked tussocx moth (WMTM) can
hybridize in the laboratory, they are isolated temporally in nature
by differences in adult periodicity (Grant, 1977). Research specific
to the RTM is scarce because it has a non-economic p=2st status.

Whitemarked Tussock Moth
Orgyia leucostigma (J.E. Smith)
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Distributed widely throughout the United States and Canada, the
whitemarked tussock moth (WMIM) is extremely common in urban areas
and seldom a forest pest. Accounts during the late 1900's report it
as mainly a pest of orchards and other roseaceous hosts.

Coincidental to the introduction and rapid increase in numbers of the
English sparrow in the United States, WMIM rapidly increased in
cities. Studies by LeConte (1874) demonstrated that its numbers
increased dramatically due to the action of the English sparrow which
displaced native birds that fcraged on WMIM. Since then, WMIM has
been observed as common with a fairly broad amplitude of wvariation in
numbers in the Eastern United States and Canada.

Distribution of the
whitemarked tussock

moth, Orgyia leuco-
stigma, and its

subspecies in North
America

0. leucostigma has been subdivided into four taxonomic
subpopulations with quite different hosts. 0. leucostigma is a
generalist feeder and these host listings undoubtedly reflect
subspecies geographical range. 0. leucostigma intermedia is the most
widespread and economically important subspecies, with over 140 food
plants and two generations per year. 0. leucostigma leucostigma is a
species of the Deep South (U.S.) with two or more broods per year.

It has a diverse host list but most commonly is recorded from willow,
salt cedar, live oak, redbud, apple, pyracantha, Franklin-tree, and
mimosa. 0. leucostigma plagiata is single-brooded and found in
northeastern North America on willow, alder, white pine, birch, and
larch; it is especially damaging to balsam fir Christmas tree
plantings in Nova Scotia. 0. leucostigma oslari is a rare,
single-brooded, high elevation (2000-3000 m) species about which
little is known (Ferguson, 1978; Tietz, 1972).

Dense populations of WMIM tend to be sporadic and limited to
streetside trees; extensive defoliation seldom occurs. The most
recent report of defoliation to forest plantings was in 1985-86 in
western Newfoundland where some 100 ha of white birch, speckled
alder, and other hardwoods were damaged. Aerial sprays of Bacillus
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thuringiensis were used to suppress populations; an Entomopthora
species also was observed causing mortality (Clarke & Carew, 1985).

Few definitive studies on the population dynamics and natural
control factors of WMTM have been conducted. The most comprehensive
study was by Howard (1897) who identified 15 hymenopteran and six
dipteran primary parasites. Pimpla inquisitor and Chalcis orata were
the dcminant parasites. Predators included dermestids feeding or:
eggs and three Heteroptera that fed on larvae; the spined soldier
bug, Podisus maculiventris Say, was most common. While avian
predators prefer not to feed upon larvae because of their protective
coloration and abundant setae, the real impact is unclear.

Certainly, WMTM is subject to attack by parasites common to other
Lymantriidae. Wallner & Grinberg (1984) demonstrated that Rogas
lymantriae, a primary endoparasite of gypsy moth, will attack WMTM as
well as brown-tail moth and Douglas-fir tussock moth.

In efforts to establish parasites from Sicily for gypsy moth
contrcl in the United States, Schaffner (1934) found that Cotesia
(Apanteles) melanoscelus survived solely on WMTM. \erly likely,
other shared natural enemies exist. Damage by WMTM is so limited and
sporadic that it has received little research attention except fcr
the occesional report that relates it to other more economic
Lymantriidae (Grant, 1977).

Douglas~-Fir Tussock Moth
Orgyia pseudotsugata (McDunnough)

Widespread in the mountain regions of western North America, the
Douglas-fir tussock moth (DFTM) is one of four western Orgzia
species, and by far the most serious pest, in the genus. While it
may feed on a variety of hosts during outbreaks., DFTM is nearly host
specific preferring Douglas-fir, grand fir, and white fir under
forested conditions. In urban areas, ornamental spruces and firs are
attacked but rarely completely defoliated.

0. pseudotsugata has been classified into three subspec1es, (03
pseudotsqgata pseudotsugata (the nominate species), O Eseudotsugata
morosa, and 0. pseudotsugata benigna. In making these
determinations, Ferguson (1978) noted in his examination of
subspecies that 0. pseudotsugata morosa specimens were rare and not
associated with outbreaks. Interestingly, this corresponds with the
outbreak areas presented by Mason & Wickman (1988) who do not ascribe
subspecies or their locations.

Outbreaks of DFTM were first observed in 1916 in southern
British Columbia and from 1927 to 1930 in northwestern United
States. Outbreaks of various severities have occurred since then at
roughly 7- to 9-year intervals; most recently during the early 1970's
in the Pacific Northwestern United States and southern British
Columbia, and again in southern British Columbia during the early
1980's. Outbreaks tend to erupt abruptly over thousands of hectares
of forest type, defoliation ensues for 3 to 4 years and then
collapses dramatically; four phases are evident during this cycle
(Mason & Wickman, 1988). Under urban conditions, outbreak cycles are
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Distribution of the
Douglas-fir tussock

moth, Orgyia pseudo-
tsugata, and its

subspecies in North
America

more prolonged and do not coincide in occurrence with those on
forested areas, and trees are seldom totally defoliated (Loomis et
al., 1985).

The severity of DFTM damage in the West, coupled with the
chronic gypsy moth problem in the Northeast, and southern pine
beetle, prompted the development of the Combined Forest Pest Program
in 1973. These 5-year research, development, and application
programs were intended to accelerate research and implement
findings. Objectives and accomplishments for DFTM included: (1)
Methods for detecting larvae, pupae and eggs. Under the program,
this was accomplished for outbreak levels and research is continuing
for sampling low, innocuous population levels. (2) The use of the
sex attractant for monitoring and detecting potential outbreaks.
Pheromone trapping has defined the natural range of DFTM and its
outbreak area. Work is continuing to use trap results as an early
warning system. (3) Find methods to predict changes in DFTM
populations and subsequent damage. Stand characteristics are useful
predictors of susceptibility to defoliation. Incidence and intensity
increases in multistoried stands of mature grand fir and Douglas-fir,
particularly those on upper slopes or ridgetops with southerly
exposures. Trees growing on deep volcanic ash soils are less
susceptible to defoliation. (4) Evaluation of natural mortality
showed that some 30 species of Diptera and Hymenoptera parasitize all
developmental stages; but the egg parasite Telenomus californicus is
most important, causing up to 60% egg mortality; others such as the
tachinid, Carcelia yalensis and the Ichneumonid Phobocampe pollipes
also cause significant mortality. The dark-eyed junco and mountain
chickadee are among 11 species of birds that caused up to 50%
predation of all life stages; arboreal spiders and ants also are
important. At low DFTM levels, parasites and vertebrate and
invertebrate predators are the most important causes of mortality.
(5) Field and safety studies on the DFTM nucleopolyhedrosis virus
demonstrated its efficacy and is registered as TM Biocontrol-1®, for
use for DFTM control. Bacillus thuringiensis was evaluated as
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several different formulations as were the chemical insecticides
Trichlerforn® and Carbaryl®, and the insect growth regulator,
Diflubenzuron®. All provide acceptable control. (6) Aerial spray
technology was increased for these products. Included were
determination of optimum droplet size, extent and control of spray
drift, development of a monitoring system with electronic spray
delivery and better understanding of meteorological factors affecting
spray ceposits. (7) Finally, an integrated pest management system
using three computer models (stand prognosis, stand outbreak, ard
socio-economic) was developed for making forest management decisions
(Brookes et al. 1978; Mason & Wickman, 1988; Shepherd et al. 1S84).
Following these expanded research program efforts, studies on
DFTM heve been continued by federal, state, and university
personrel. Some, but certainly not all, include cryptic shelters for
sampling and monitoring population c.ange and pupal parasitism and
refinement and registration of DFIM pheromone for mating disruption
for control (U. Cal. Berkeley), identification of additional
components of DFTM pheromone (Simon Fraser Univ.), biosynthesis and
pathways of action of DFTM pheromone (SUNY, Stonybrook), use of Bt
for suppressing outbreaks (USFS-Corvallis and LaGrande, OR), use of
TM Biocontrol-1 for outbreak suppression, expand and refine DFTM
pheromone for monitoring populations (Can. For. Serv., Victoria., BC;
USFS, Corvallis, OR). The dramatic, synchronous outbreak pattern and
rapid collapse has often caught forest managers off guard; present
knowlecge hopefully will permit continuous monitoring of populations,
predict outbreaks and intervene pre-emptively to minimize the impact
of futtre outbreaks.

INTRODUCED LYMANTRIIDS

Three lymantriid species have been introduced into North
Americz; each has developed quite different patterns of geographic
distribution. While all are considered pests, the gypsy moth is by
far the most notorious. There are a number of striking similarities
among these species; apparent ineffectiveness of native parasites to
control these introduced pests, degree of susceptibility of host
attack based upon physiography, and the importance of introduced
parasites from Europe and Asia that attack all three genera.

Satin Moth
Leucoma salicis (L.)

Sometime before 1920, the satin moth (SM) was inadvertently
intrcduced and became established at two widely separated locations
in North America: near Malden, Massachusetts, and New Westminster and
Vancouver, British Columbia. The origins of these infestations are
not known. The SM gradually expanded its range at both locations in
the Maritimes; it was estimated to have spread northward at 8-13
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miles per year (Reeks & Smith, 1956). Host availability has
undoubtedly influenced its distribution since SM can complete
development only on poplar and willow. Before 1967, outbreaks were
confined to single, or small groups of exotic shade and ornamental
trees in residential areas. Since then, SM has attacked native
poplars causing widespread defoliation and tree mortality (Clarke &
Pardy, 1971). Wagner & Leonard (1979b) reported little change in
host preference for SM after 60 generations in North America. They
found eastern cottonwood and Lombardy poplar as the most suitable
hosts whereas balsam, Simon and white poplars were least suitable.
Parental and progeny diet, developmental time, body weight and
survival were parameters investigated.

The SM has a split-year, univoltine cycle; first and second
instar larvae skeletonize leaves, third instars overwinter in
hibernacula on tree boles and resume feeding the following spring
when larvae consume entire leaves except leaf veins. Commonly, there
are seven larval instars, although eight have been reported (Reeks &
Smith, 1956). Adults of both sexes are capable of flight; the female
flies after depositing the first of up to five masses containing a
total of 650 eggs (Wagner & Leonard, 1979a).

Distribution of the
satin moth, Leucoma
salicis, in North
America

Outbreaks of SM are from 4 to 6 years in duration and.the period
between outbreaks is 2 to 6 years. Factors that control populations
are severe winter temperatures, introduced parasites, pathogens and
vertebrate predators. Mortality of larvae during overwintering is
considered critical in reducing the duration of outbreaks and
lengthening the period of latency. Not only are low winter
temperatures (-28 C or lower) implicated, but also the activity of
pathogenic fungi (Paecilomyces sp. and Hirsutella gigantica) appears
to work in concert with overwintering weather conditions. A high
proportion of overwintering lervae die from unknown causes. Native
parasites exert less than 1% control over SM. However, the
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introduced parasites Compsilura concinnata and Apanteles solitarius
are most important, but Cotesia melanoscelus, Coccygomimus pedalis,
and Meteorus versicolor also cause mortality. Egg parasitism by
Telenomus californicus and Trichogramma minutum occur but their
impact is unknown. In fact, T. californicus ex DFTM would not
parasitize SM eggs in laboratory tests in Europe (0rijpma, personal
communication). Likewise, larval and pupal predation by the
black~-billed cuckoo ard Calasoma frigidum, and adult predation by the
hermit thrush and pentatomid bugs have been noted out their impact
was not quantified (Jcnes et al., 1938; Reeks & Smith 1956; Wagner %
Leonard 1980). While a number of mortality factors exist for SH,
they do not prevent periodic outbreaks. The lack of rapid spread
experienced by SM in contrast to such pests as gypsy moth suggests it
is not likely to become a widespread pest in the near future.

Browntail Moth
Euproctis chrysorrhoea (L.)

Believed to have been accidently introduced into the U.S. on
roses imgorted from Holland or France in 1890, the browntail moth
(BTM) was found established in Sommerville, Massachusetts, in 1§97.
From the time of its discovery, BTM spread rapidly throughout ezstern
New England and parts of New Brunswick and Ngva Scotia, and by 1915
reached a maximum distribution of 150,000 km~. Population and
range of BTM then declined rapidly and by the late 1960's could be
found only in coastal dune habitats on three islanés in Casco Bay off
Portlard, Maine, and the extreme end of Cape Cod, Massachusetts. By
1973, the distribution was only 4.8 km“ (Schaefer, 1974). 1In the
initial stages of its rapid spread BTM, which has hosts within 36
plant families, caused widespread defoliation of fruit trees,
ornamerital shrubs, and trees. Most preferred hosts were in the
families Roseacae and Fagaceae. By the early 1980's, only beach
plum, salt spray rose, and black cherry were attacked. However,
starting in 1982, BTM began to expand dramatically in number and
range on Cape Cod, Massachusetts (Snowden, 1986). Recent studies by
Leonard (in press) indicate that not only has BTM significantly
increased its range on Cape Cod, but by moving inland, attacks a
wider range of hosts including bear oak and shadbush; beach plum is
still the primary host and scrub pine growing in admixture with
preferred hosts are not attacked.

The rapid expansion and equally rapid contraction of range 9y
BTM is not easily expleined. In the most recent comprehensive study
of BTM, Schaefer (1974) concluded that winter temperatures (-25 C or
lower), destruction of winter webs by man, and natural enemies caused
this rapid decline. He found mortality for the fall feeding period
was 45% and winter 20%. Egg parasitism was consistently less than
1%, and early larval mortality by Cotesia (Apanteles) lacticolor and
Townsendiellemyia nidicola was 4%. Late larval parasitism averaged
13.5% by T. nidicola and Compsilura concinnata; predators and
pathogens caused only minor mortality.
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BTM population quality varies by host type and condition, which
also influence the rate of winter mortality. Until recently the
availability of suitable host plants in coastal regions moderated by
winter weather has limited BTM. - However, evidence of population
increases and range expansion could be illustrative of genetic
adaptation reported for other introduced insect pests (Simmonds &
Greathead, 1977). If so, BTM damage can be expected to increase
above the current restriction to coastal dune plant species.
Furthermore, the probability of human encounters with the highly
urticating larval hairs will exacerbate its pest status. Following a
period of some 85 years of relative modest pest status, the future
spread and increase in populations must be viewed with considerable
apprehension.

Distribution of the
browntail moth,
Euproctis chrysor-
rhoea, in North
America

Gypsy Mo th
Lymantria dispar (L.)

Purposely brought to the United States from France for
developing more vigorous silkworm colonies, the gypsy moth (GM)
escaped in 1869 and established readily in Medford, Massachusetts.
Wiéhin 20 years, populations exploded dramatically to an area of 900
km~ and efforts to eliminate it failed. Since then it has spread
northward probably to the limits of its range but continues to spread
south and west. Natural spread is approximately 10-15 km per year;
long distance infestations continue to occur by human activities that
inadvertently transport life stages.

In North America, oak and poplar are consistently most
preferred, but gypsy moth has an exceptionally broad range of hosts.
Over 250 hosts are known for North America, but interestingly, some
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hosts preferred by gypsy moth in Europe (black locust) and Asia
(larch) are seldom attacked except under outbreak circumstances.
Hosts cf intermediate preference such as birch and maple show
considerable variability which may be reflective of site conditions
such as stand age and soil moisture. Furthermore, the capacity of a
forest to sustain GM can be altered by defoliation by long-term
changes in species composition and stand structure, and short-term
changes in foliage quality (Montgomery & Wallner, 1988). Population
behavior is significantly influenced by site and habitat conditions.
Forests highly susceptible to GM defoliation occur on xeric sites
such as ridgetops and deep sands and contain a high proportion of
favored hosts such as chestnut oak, white oak, and black oak.

Distribution of
the gypsy moth,
Lymantria dispar,
in North America

Resistant stands support vigorous tree growth; red oak is the
dominant oak species but such sites also contain maple, black birch,
tulip poplar, and ash. The susceptibility or resistance of a forest
to GM defoliation can be classified based on tree species and
structure features (Houston & Valentine, 1977).

Historically, GM has been subjected to a variety of research
efforts since its initial establishment. Earliest studies
(1869-1900) were descriptive and emphasized the biology, behavior,
and influence of native predators and parasites. From 1901 to 1919
infestations rapidly increased. This prompted studies on dispersal,
nucleopolyhedrosis virus, management of infested woodlots, and search
for foreign parasites for importation. In 1912, a Federal domestic
quarantine was enacted to limit the spread of GM. Despite these
efforts, GM became established throughout New England, New York, New
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Jersey, and Pennsyvlania, and a barrier zone from Canada to Long
Island, New York, was created in 1923 under which intensive
eradication efforts were used. More intensive research was devoted
to natural enemies, particularly those parasites already established
and a search for additional foreign species for importation, studies
on population dynamics, and effects of defoliation on trees were
begun. The period from 1941-60 was characterized by terminating the
unsuccessful barrier zone and broadscale use of a number of
pesticides for control, including DDT, which was phased out and
replaced by Carbaryl. Research during this period was minimal.
Following the realization that eradication of GM was biologically
impractical, more emphasis, during the 1960's, was placed upon
researching biological pesticides (Bt and NPV), the synthetic GM
pheromone was developed, and work was initiated on developing the use
of the sterile male technique.

During the 1970's accelerated and expanded research was
conducted on GM. Among the program accomplishments were (1) methods
for predicting population trends, sampling procedures (mainly for egg
masses), and measuring larval dispersal; (2) evaluating new chemical
insecticides and ascertaining their environmental impacts. Several
were tested and registered for use including the insect growth
regulator, diflubenzuron; (3) procedures' for measuring and predicting
impacts of defoliation including socioeconomic and environmental
impacts; (4) registration of NPV (Gypchek ) and Bt as well as
optimizing spray formulations was completed; (5) disparlure was
developed and utilized for containment but its use for suppression
(confusion of males and mass trapping) was tested but not proved
efficacious. Additionally, a + enantiomer of disparlure was
synthesized, tested, and found to be more highly active than the
racemic fraction; (6) the study of existing and newly introduced
parasites in controlling moderate to dense GM populations reveals
that the importance of native species was negligible. Of the 10
introduced species (80 species have been imported and released),
Cotesia (Apanteles) melanoscelus, Compsilura concinnata, Ooencyrtus
kuvanae, Blepharipa pratensis, and Parasetigena silvestris all exert
control but taken alone are not capable of preventing GM outbreaks;
(7) mass-rearing technology was developed using an artificial diet
for producing large quantities of high-quality GM year round. This
accelerated efforts on NPV production, sterile male and parasite
production and release. The accelerated program initialized
research, the expanded program provided additional research but
largely emphasized implementation and application of technology
(Doane & McManus, 1981, U.S. Dep. Agric., 1987).

During the period 1979-83, GM caused more defoliation than had
occurred during the previous 55 years (Loomis et al., 1985). This
prompted additional research initiatives in 1983 that were directed
principally toward extending the period of latency and reducing the
amplitude of outbreaks. Goals included (1) determining the effects
of gypsy moth on forests by developing tree growth and mortality
functions, evaluating silvicultural practices and ascertaining
mechanisms following defoliation; (2) improving the understanding of
biology and population dynamics of GM at low densities by developing
sampling procedures for all life stages, characterizing population
processes in susceptible and nearly resistant forests, determining
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the effect of gross climate and microclimate on GM behavior and
survival, and understanding GM-host relationships; (3) developing the
methodology to use parasites as regulators in low-level GM
populations by measuring and enhancing GM mortality by parasites and
ascertaining the relationship between parasites and pathogens; (%)
determining the role of vertebrate and invertebrate predators in low
GM pooulations by determining mortality caused by predators and
manipulating predators to enhance GM control; (5) determining ths
role of pathogens for GM control specifically NPV, Bt, microsporidia,
and means to improve pathogen efficiency; and (6) investigating the
role of integrated pest management (IPM) for GM control by evaluating
technology and tactics, produce an IPM strategy for testing and
developing a series of interactive models (U.S. Dep. Agric., 1987).
An evaluation of GM management programs in the Unitad States is given
in Ravlin et al. (1987).

The voluminous publications on GM and space limitations preclude
a complete literature presentation. Numerous studi=s are underway;
some are completed and not yet published. Following are some
studies, but certainly not all, that indicate the breadth of current
GM research: GM population monitoring (USFS-Hamden, .CT; University
of Massachusetts-Amherst; Virginia Polytechnic Institute-Blacksburg),
NPV epizootics and GM population dynamics (University of
Massachusetts; USFS, Hamden, CT), forest vulnerability rating system
(University of West Virginia and USFS, Morgantown, WV), GM population
dynamics in susceptible and resistant forests (USFS, Hamden, CT;
University of Massachusetts; University of Vermont-Burlington;
Institute of Ecosystem Studies, Millbrook, New York}, establishment
of microsporidia (Illinois Natural History Survey, Champaign, IL:
USFS, Hamden, CT), regenerating stands following GM damage
(Pennsylvania State University, State College; USFS, Morgantown, WV),
documenting role of GM focal sites and pre-outbreak intervention
(USFS-Hamden, CT, University of Massachusetts, University of
Vermont), NPV formulation and application (USFS, Hamden, CT),
manipulation of GM densities and natural enemy response (University
of Massachusetts; USFS, Hamden, CT), characterization of forest
ecosystem susceptibility to GM (University of Michigan, Ann Arbor,
MI; USFS, Hamden, CT), burlap band sampling of larvae in relation to
field densities (USFS, Hamden, CT), spatial distribution of GM egg
masses by forest physiography (Institute of Ecosystem Studies,
Millbrook, NY; USFS, Hamden, CT; University of Massachusetts;
University of Vermont), climate influence on GM defoliation
(University of Connecticut, Storrs, CT; USFS, Hamden, CT), leaf
quality variation and GM performance (Pennsylvania State University;
USFS, Hamden, CT), the role of vertebrate and invertebrate predators
in GM population dynamics (USFS, Hamden, CT), bioassays of 1100 Bt
strains from USDA cultures against GM (USFS, Hamden, CT), technology
of -spray delivery through forest canopies (Pennsylvania State
University; USFS, Hamden, CT), GM life system model development
(USFS, Morgantown, WV and Portland, OR), evaluation of inherited
sterility for GM control (APHIS, Otis AFB, MA; USFS, Hamden, CT),
development of expert systems for aerial application (Pennsylvania
State University; USFS, Hamden, CT), development of interactive
computer models for GM IPM (Alabama Agriculture & Mechanical
University; State of North Carolina; USFS, Morgantown, WV), aerial
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spray model validation (Pennsylvania State University; University of
Connecticut; USFS, Hamden, CT), neuro-mechanisms of feeding (USFS,
Hamden, CT; University of Conneqticut). protein and energy reserves
(University of Massachusetts; USFS, Hamden, CT), enhancement of avian
predation with nest boxes (Southern Connecticut State University, New
Haven, CT; USFS, Hamden, CT), relationship between defoliation, tree
condition and Armillaria attack (USFS, Hamden, CT), development of
silvical guidelines for minimizing tree mortality and growth loss by
GM defoliation (USFS, Morgantown, WV), development and phenology of
GM eggs (Canadian Forestry Service, Sault Ste. Marie, Ontario),
mitochondrial DNA of GM populations (Cornell University, -Ithaca, NY;
USFS, Hamden, CT), avian abundance and GM population levels (West
Virginia University, Morgantown, University of Michigan; USFS,
Hamden, CT). Details on the bioecology of GM have been purposely
omitted but the reader is referred to Leonard (1981) and Montgomery &
Wallner (1988) for the most current and comprehensive sources.

SUMMARY

Comparison of features of native and introduced lymantriid
species substantiates differences and similarities. The inability to
differentiate morphological subspecies in three introduced
lymantriids in contrast to the ability to do so for native species in
North America may reflect the limited gene pool introduced and
warrants further study. Differences in the spread and pest status of
the introduced species are striking. The aggressive spread and
continual pest status of gypsy moth may reflect its broad host range
and adaptive capacity. Certainly, the satin and browntail moths have
not beeen nearly as dominant. However, the recent spread of
browntail moth may indicate a resurgence due to adaptation or failure
of natural controls. If it achieves the pest prominence similar to
that of Eurasia, its future will not be as benign as its past.
Unfortunately, only modest studies have been conducted on browntail
and satin moths due to their non-economic' status. One has to wonder,
had extensive research been conducted to ascertain the mechanisms
responsible for their. control, whether such information could be used
to mitigate against gypsy moth. While Douglas-fir tussock moth has
been, and continues to be researched, this is an exception for native
North American lymantriids. The recent establishment of gypsy moth
in forests infested with Douglas-fir tussock moth in western North
America offers a unique opportunity to ascertain biological
interactions. The existence of shared natural enemies, host-site
influences, and other biological similarities reinforces the concept
that research on members of this family has reciprocdal application.
Regardless, comparisons should stimulate collaborative, worldwide
research and should be useful in the event that additional
introductions occur between North America and other continents.
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M. Ismail Chaudhry and Wali-ur-Rahman, Pakistan Forest
Institute, Peshawar, Pakistan

INTRODUCTION

Three lymantriids, Elkneria (Dasychira) aff. mulleri Ebert,
Euproctis lunata Walk., and E. subnotata Walk., have been recorded as
forest pests in Pakistan. Elkneria aff. mulleri Ebert appeared for the
first time in epidemic form in 1977 in chir pine (Pinus roxburghii)
forests in Swat. A vast area covering dense to open crop consisting of
pole to middle aged trees was defoliated seriously at an elevation of
1,000 to 1,700 m above sea level. In an overall outbreak, heavy
defoliation occurred in patches.

E. lunata Walk. and E. subnotata Walk. exist in riverine forests
and irrigated plantations of Acacia nilotica in Sind province. The
pests normally remain under check due to their natural enemies but
sometimes the population crosses the economic injury level.

Besides causing serious defoliation, larvae of these species have
urticating hairs which cause irritation and inflammation on the human
skin and are a source of nuisznce for the field workers and visitors.

Ebert (1966) recorded ané described 4 species of Dasychira from
Afghanistan which includes D. mulleri Ebert. Sreenivasam et al. (1972)
reported Dasychira plagiata (Wlk.) as an important defoliator of jack
pine (Pinus banksiana) and reé pine (P. resinosa) from northwestern
Wisconsin and east-central Mirnesota (U.S.A.). Bionomics of the pest
is also given. Klimetzek (1972) described the occurrence of D.
pudibunda (L.) in the Palatinate (West Germany) since 1810 analyzing
historical data in forestry districts. The most important infestations
have been reported in 1892-95, 1901-03, and 1941-44. From about 1940,
this pest showed a marked increase which infested pine in the
mountainous districts of central and northern Pfalzer Wald.

Sampo (1968) has published notes on three lepidopterous species
that normally feed on the leaves of deciduous trees in Italy but have
recently been observed on conifers. One of them is Dasychira
selenitica (Esp.), which was found defoliating young larch trees during
1958 in reafforestation areas of the Maritime Alps, having migrated to
them from surrounding patches of Sarothannus scoparius. Bullock and
Smith (1968) found Epijoppa fumosa Morl. parasitizing pupae of
Dasychira georgiana and effectively keeping the population under
check. Bionomics and outbreak of the pest and its control with
insecticides is also given.

Urban (1967) attributed the collapse of an outbreak of D.
pudibunda (L.) to a cytoplasmic polyhedrosis virus (Smithiavirus
pudibundae) in beech forests of the Neubrunn and Henneberg districts in
Germany. Results are given of light and electron microscope
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observations on infested larvae. Geispits and Zarankina (1963) worked
out the photoperiodic reaction and the effect of temperature on the
development of D. pudibunda (L.) in the Soviet Union, where this
Lymantriid occurs from north of Leningrad to the extreme south
sporadically, as a pest of various trees. The results showed that
growth processes were affected by photoperiod and that the duration of
development was prolonged as temperature increased.

E. lunata Walk. and E. subnotata Walk. have been reported from
Ind<a infesting mulberry, castor, cacao, guava, and sorghum by Butani
(1978), Sukhija et al. (1977), and Mogal et al. (1980).

METHODS

A map of the area defoliated by Elkneria (Dasychira) aff. mulleri
Ebert spread over compartments 36 to 40, and 42 and 43 of Swat Range,
and 15 and 16 of Buner Range was prepared from the forest range maps.
Points were selected on different aspects in defoliated forests for
assessment of pest population. Five trees were randomly selected at
each point. The first tree was marked by walking straight in one
direction to reach the 20th tree from the starting point. Taking this
tree as a base, 4 other trees were selected at right angles from each
other by walking straight and taking the 15th tree, one each on
western, eastern, southern and northern directions. For assessment of
population, every tree was divided into three parts: stem, main
branches, and shoots of main branches as pupal cocoons were present on
these parts only. All cocoons on stem and main branches were counted
starting from the base and climbing up the tree while on shoots,
counting was made from the ground. The population on all the parts was
added to obtain total population of insect cocoons per tree. Five
hundred cocoons were collected at each point from the randomized trees
for the assessment of parasitism. Each cocoon was cut open in the
laboratory at Peshawar and observation on living, dead, and parasitized
pupae was recorded.

Assessment of larval and pupal populations of Euproctis spp. was
made in the affected forests whenever defoliation was reported in
Sind. Larval population was recorded by shaking branches of randomized
babul (Acacia nilotica) plants on a cloth sheet. Pupal population was
taken by digging the soil around tree bases in 1-m circles at different
points.

RESULTS AND DISCUSSION

The pest population of Elkneria (Dasychira) aff. mulleri Ebert was
found over an area of about 900 ha in chir pine forests falling mainly
in Swat Range and partly in Buner Range. The trees carried varied
population of the insect pest and accordingly the extent of defoliation
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differed in various localities and aspects of the forests. The pest
population census recorded on various site aspects is shown below.

Table 1. Relationship between aspect and population per tree.

Aspect Population per tree
Average Range
Southern 1,484 660-2856
Eastern 1,168 630-1460
Western 1,031 610-1900
Northern 506 383 -600
Shady places and 208 130 -287

water courses

The pest preferred southern, eastern and western aspects with
maximum population per tree (1,484) on southern aspect followed by
eastern (1,168) and western (1,031) aspects. Population per tree was
low (506) on northern aspect and the lowest (208) in most shady places
and deep nullahs. The number of heavily defoliated trees was greater
on southern aspect followed by eastern and western, where most of the
trees were completely denuded cf foliage. The number of trees
defoliated up to 50% was highest on northern aspects and lowest on
southern aspects. All trees were defoliated lightly in most shady
places, on banks of water courses and negligibly attacked away from the
centre of heavy defoliation and at the base of nullah.

Table 2. Larval population per tree on variously defoliated trees.1

Defoliation Larval population
Average Range
Complete 1788 1020-2856
Heavy 794 702- 903
Medium 571 383~ 670
Light 208 130- 287

Based on puparia present on the trees.

More than 1,000 larvae per tree (average, 1,788) defoliated trees
of all ages completely when population reached the limit either of one
generation or the other during April to November. Similarly,
populations between 700 and 900 (average, 794) and about 400 and 700
(average, 571) per tree caused heavy and medium defoliation,
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respectively, when populations reached the limits any time during this
period. Defoliation remained light or insignificant when populations
remained below 300 larvae per tree.

A hymenopterous parasite of the pest, Monodontomerus dentipes
Boheman (Family, Torymidae) existed naturally in the area. At the time
of pest population census, observations were also recorded on the
extent of parasitism carried up to the end of the season in the month
of December.

Table 3. Extent of parasitism on Elkneria (Dasychira) aff. mulleri
Ebert.

Larvae/pupae Parasitized % parasitism in
examined larvae/pupae larvae pupae total
1681 1677 24.87 74.89 99.76

The parasite seems to have very high reproductive potential as it
outnumbered and overpowered the pest population within 6-8 months. The
insect pest population multiplied rapidly and caused serious
defoliation of Pinus roxburghii over an area of about 190 ha. The
parasite, finding plenty of food, also bred tremendously resulting in
99.76% parasitism of the pest population in December leaving only 0.24%
population to carry forward to the next spring with enormous parasite
population to starve to death. The pupae of the pest found parasitized
were ccllected and kept in the laboratory which gave rise to 10-27
adult parasites per pupa.

The pests Euproctis lunata Walk. and E. subnotata Walk. caused
defoliation of babul forests in Sukkur Forest Division in 1975.
However, the pest population had subsided before population census was
made. Larval and pupal population recorded after suppression was as
under:

Table 4. Larval and pupal population of Euproctis spp. in Sukkur
Forest Division during 1975.

Larval population Pupal population

Locality per 100 trees per 100 tree basis
Ding Forest 50 20
Kitishah Forest 47 6

Kitiabad Forest 4o 11
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With the above minor population, the pest remained under complete
control of bioagents until 1981. In 1982, resurgence of the pests
occurred in Sukkur Forest Division while their population build-up was
also reported from Hyderabad Forest Division. The pests were again
checked by natural enemies in the same year. Larval and pupal
population recorded after suppression was as follows:

Table 5. Larval and pupal population of Euprocits spp. in 1982.

Forest Larval population Pupal population
division Locality per 100 trees 100 tree basis
Hyderabad Miani Forest 0 105
Mutyari Forest 0 0
Kabrani Forest 0 55
Sukkur Ding Forest 20 15
Kitishah 35 5
Kitiabad 340 0

Pupae collected from Hyderabad produced 3 hymenopterous and 2
dipterous parasites but no moth emerged. Pupae collected from Sukkur
produced one immature moth and no parasite emerged.

High population of babul defoliator was reported to occur from
September to November in Sukkur and Hyderabad Forest Circles.
Therefore, it was planned in 1983 to study pest population, record
parasite complex, and carry out control experiments during
October-November. On receiving the report of defoliation from Mulchand
Forest, Hyderabad in December 1984, population survey was carried out
in January 1985, which is reported below:

Table 6. Larval population of Euproctis spp. in 1985 in Mulchand
Forest

Plants observed Larvae collected

Compartment

4, 6, 7 3500 120
10 3000 86
42 1000 22
I5 1000 42

Soon after development of the pest population, the natural enemies
found plenty of food, multiplied rapidly, and overpowered the pests.
The pests are still under the control of their natural enemies and no
report of resurgence of pest population has been received since.
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SUMMARY

Population of Elkneria (Dasychira) aff. muller: Ebert, a pest of
chir pine, and Euproctis lunata Walk. and E. subnotata Walk., two pests
of babul have been studied. An average populatlon of E. aff. mulleri
Ebert numbering 1,788, 794, 571, and 208 larvae per tree, respectively,
caused complete, heavy, medium and light defoliation of Pinus
roxburghii in 1977. The pest preferred southern, eastern and western
aspects. An average population per tree on these aspects was 1,484,
1,168, and 1,031 larvae, respectively.

E. lunata Walk. and E. subnotata Walk. caused occasional
defoliation of babul forests since 1974. An assessment of the
avattabte—population is given.
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INTRODUCTION

In Central Europe outbreaks of the gypsy moth, Lymantria dispar
L. (Lymantriidae), are not uncommon, yet it is not considered to be a
forest pest. In his 1841 book, "Forest Pests and Their Enemies,"
Ratzeburg, the father of forest entomology, states: "Occasionally the
large, voracious larvae can become dangerous." However,
Schwerdtfeger (1981) mentions the gypsy moth without going into
detail. He wrote: "Without importance in forests, only lasting
outbreaks in oak-stands (especially in Southeast Europe) are to be
noticed." If you want to know more about the population dynamics of
the gypsy moth in the German literature, you have to consult the
third of the five volumes of ths handbook, "The Forest Pests of
Europe," edited by Schwenke in 1978, where you can find details about
the locations of past outbreaks which indicate the unimportant role
of the gypsy moth in Central Europe (Table 1). Moreover, the table
shows how the population dynamics depend on climate: Outbreaks are
triggered by drought and heat.

Table 1. Area of European forests damaged by outbreaks of
Lymantria dispar

Region Country Year Area in ha
Southeast Europe Yugoslavia 1957 1,500,000
(arid-continental) Rumania 1958 600,000

Soviet Russia 1933 206,000
Western Mediterranean Spain 1958 100,000
Countries Portugal 1958 22,000
(dry, hot summers)
Central Europe Switzerland 1924 75
(humid-maritime) Germany 1973 50

(Schwenke, 1978)
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In Europe, outbreaks are usually noticed only in oak-stands, but
two German species, Quercus petraea and Quercus robur, suffer not
only from gypsy moth but from many other phytophagous insects. The
most important members of this "oak damaging community" are the green
oak roller, Tortrix viridana, and the winter moths, Operophthera
brumata and Erannis defoliaria. Although there are periodical
outbreaks of these pests, control measures are seldom undertaken
because of the high regeneration capacity of the oaks. Even after
complete defoliation, the stands are green again within a few weeks.
Therefore, heavy defoliation during several successive years causes
loss of increment but does not kill trees. This is true only in
healthy stands. The increasing "Waldsterben" forces a more careful
assessment of the phytophagous insects. In addition to causing
thinning of crowns these insects reduce stand vigor by reducing
foliar biomass, especially in cases of oak-stands suffering from a
new "Eichen-Sterben" (oak decay) (Altenkirch, 1987; Patocka &
Novotny, 1987). In this context, the gypsy moth becomes more and
more important also in Central Europe. Two leaflets dealing with
gypsy moth biology, from Skatulla (1985) and from Niemeyer (1988)
recently published in Germany, express this change.

An outbreak of the gypsy moth in Southwest Germany gave us the
opportunity to study the population dynamics under current
conditions. The outbreak area was situated 70 km north of Freiburg
in the forest districts of Offenburg and Kehl. Defoliation was first
noticed in a stand of 30-year-old red oak (Q. rubra} in July 1984.

At the end of the feeding period, 70 ha of Q._ robur and Q. rubra
stands were heavily defoliated (Table 2).

Table 2. Area defoliated by Lymantria dispar in the
forest districts of Offenburg and Keal

Year 1983 1984 1985 1986 1987

Area 0 70 1300 470 0
in ha

The defoliated area amounted to 1300 ha in 1985, an area larger
than any other Central European outbreak area previously recorded
(Wellenstein and Schwenke, 1978). Egg masses were counted to
ascertain the population densities and their changes. In the winter
of 1984-85, we restricted ourselves to the red oak stand where the
attack was first observed. We counted egg masses on the stems of 100
trees from the ground to the bottom of the crown and found 388 egg
masses. As 1500 red oaks grow on 1 ha at the experimental site, the
egg mass density was estimated to be approximately 6000 per ha.

Six egg masses were sampled randomly to determine number/mass
and viability; masses contained from 177 to 687 eggs. The mean was
351 + 184. According to Wellenstein and Schwenke (1978) this number
of eggs indicates the culmination of population density. Viability
was high and since 99% of the larvae hatched, a population collapse
was not expected. To predict the defoliation for 1935, we considered
the following values: In 1984, we estimated an average of 4 egg
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masses per tree each containing 350 viable eggs; that means a
calculation of 1400 eggs per tree. The egg mass density was 6000 per
ha. Wellenstein and Schwenke (1978) consider 600 eggs per tree to be
critical to 30-year-old oaks in Europe. In the United States, a
rule-of-thumb value of 1236 egg masses per ha is considered to be
critical (Talerico, 1981). Both numbers of our experimental site
exceeded by far these values, indicating total defoliation in the
next season. In the winter of 1985-86 egg mass counts were
undertaken more systematically. In the forest district of Offenburg
we selected the most heavily infested plots of the stands - 1 per 10
ha - to determine egg mass density on 10 trees. The averages ranged
from 0.8 to 10.7 (Table 3).

In the forest district of Kehl, egg mass densities were
estimated on 10 trees/plot, but these plots were arranged in a
regular 333 m grid. Egg densities were lower than in Offenburg; at
63 plots in three subdistricts the maximal egg mass per tree
corresponded with the mean of Offenburg (Table 3). Analysis of
randomly selected egg masses brought the following results: In the
winter of 1985-86 the number of eggs per mass had decreased to
one-half of the number in 1984-85; the collapse of the population was
foreseeable. Nevertheless, heavy defoliation has to be expected at
least in some heavily infested stands (last column, Table 3). This
was an essential assumption for the two special investigations we
planned for the 1986 season.

First, we wanted to study the parasite complex of the gypsy moth
in the communal forest of Offenburg in detail since, in 1985, the
larvae were highly infested by parasitic flies (Maier & Bogenschutz,
in press).

Secondly, in 1985 we found no incidence of nuclear polyhedrosis
virus (NPV) in field material. Collected dead larvae did not contain
any polyhedral inclusion bodies (PIB's). Therefore, we wanted to
introduce NPV by spraying a virus suspension onto the egg masses to
induce an epizootic (Campbell, 1983; Trzebitzky et al., in press).

The Evaluation of the Natural Gypsy Moth Antagonists

When we visited the outbreak area for the first time in the
middle of June 1984, the population of Lymantria dispar had already
pupated, but numerous relict egg masses indicated that the outbreak
started in 1983. In the webs of the larvae we noticed many cadavers
of larvae and pupae but we could not explain the reason for this
mortality. We now assume that this was due to tachinid maggots which
abandoned the dead bodies. On April 25, 1985, the eggs had hatched
completely, but 15% of the larvae rested together inactively in a
fine web below the egg mass. On June 28, the larvae matured, at
which point parasitism by tachinids had reached about 80%. The
flight period of gypsy moth was at its maximum in mid-July.

1 . . E
We acknowledge the diagnosis of Dr. Alois Huger, Darmstadt.



Table 3. Population density of Lymantria dispar in the winter of 1985-86.

Forest district Number of egg masses Number of eggs Number of eggs
per tree per egg mass per tree
Ni max. mean N2 mean mean max.

z6

Kehl
Communal forest of
Neuried VI 16 5.1 1.8 22 164 294 834
Rheinau XXIII/XXV 14 3.9 2.3 24 200 460 781
Rheinau XVII 33 3.5 2. 0% 4 179 357 625
Of fenburg
Communal forest of
Of fenburg 25 10.7 4.7
Subdistrict Spitalhof 32 180 948 2254
Subdistrict West 60 118 616 1480
N, = Number of plots with 10 trees in each; N, = number of egg masses. Not included,
* 8 plots resp.; ** 20 plots with a mean of less tﬁan 1 egg mass per tree.
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More intensive studies of population dynamics were conducted in
1986 in three stands. The first was the epicenter of the outbreak
area near Offenburg, in which an average of 9 egg masses per tree had
been estimated the preceding winter. The other two were situated at
the edges of the outbreak area. There were no apparent differences
in the results from these three sites concerning the biotic mortality
factors. In the following report we shall restrict ourselves to the
results from the central outbreak area. On a weekly basis, we (Table
3) collected samples of 100 to 200 larvae from the stems and lower
parts of the crown to ascertain parasitism.

The larvae concentrated under textile belts [burlap bands] fixed
on the stem where they hid during the daytime, after having reached
the third stage. In the laboratory we reared the larvae by means of
oak leaves or dissected them to determine the parasitism percent and
the degree of super-, multi- and hyperparasitism. In 1986, larval
eclosion occurred later than in 1985 with first hatch on April 28;
80% of the larvae were in the second stage on May 12; pupation began
by July 8 and adults occurred from July 20 to August 20.

In spite of the fact that egg density exceeded the critical
value, defoliation remained about 5% in the experimental stand; a
portion of which was caused by other phytophagous species such as
Tortrix viridana and Operophthera brumata. In the other stands, the
maximal defoliation was about 20%. Because of our 1985 results we
concentrated on the activity of parasitic flies as the major
mortality factors. On May 2, gypsy moth eggs began to hatch and we
observed flies of Parasetigena silvestris (Robineau-Desvoidy) and
Blepharipa schineri (Mesnil) visiting textile belts on leaves sprayed
with sugar water. Eighteen days later, Blepharipa pratensis (Meigen)
appeared (Table 4).

The first larvae with eggs of P. silvestris were found May 12;
at that time, larvae were in the second instar. The percent of
larvae with eggs attached quickly increased to more than 50% by June
24, but then decreased since only a few adult flies were still
alive. Parasitism by Blepharipa can be ascertained only by
dissecting larvae. The maggots penetrate into a ganglion of the
central nervous system where they induce a tumor-like growth. In a
similar way, B. pratensis infests intersegmental muscles. Other
tachinids had only limited significance.

Table 4. Abundance of tachinid species observed as adults in the
communal forest of Offenburg in 1986

Species Number Date of
appearance
Parasetigena silvestris 202 25 = lila
Blepharipa schineri 52 2.5. - 17.6.

Blepharipa pratensis i 20.5. - 17.6.
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Cocoons occasionally found on leaves or under textile belts
indicated the activity of a hymenopterous parasite which only
infested young larvae. Their effectiveness was low; parasitism by
hymenopterans reached 20% in only one plot.

We found the first larvae infested by NPV on June 10, but an
epizootic never occurred. While NPV was not important as a mortality
factor in the epicenter, at the edges of the outbreak area 20% of the
larvae died by this disease.

On June 17, about 50% of the gypsy moth population had reached
the last larval stage. At that time, parasitism was nearly 100% as
estimated by dissection. More than 90% of the larvae contained at
least one Parasetigena larva, more than 80% were superparastizied.
Superparasitism was as high as a mean of 3.4 maggots per host (Fig.
1). The distribution of maggots in the host correspond to that of
egg deposition; the majority were found in the thoracic segments.
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Fig. 1. Parasetigena silvestris: Percent parasitism and superparasi-
tism of Lymantria dispar and number of maggots per host in the com-
munal forest of Offenburg in 1986 (determined by larval dissection).

Maggots of B. schineri were found later than those of
Parasetigena because larvae not yet entering a ganglion remained
undetected. This species reached peak parasitism of more than 90%
and superparasitism was very high with the average number of larvae
per host being 3.9 (Fig. 2). Larvae occurred predominantly in the
ganglia of abdominal segments 1 to 4.

The high parasitism of these two tachinids caused a high rate of
multiparasitism. During the feeding period of L. dispar, multi-
parasitism reached 95% (Fig. 3). P. silvestris as well as B.
schineri are univoltine parasites. After infesting the host, maggot
development is arrested until the host begins to pupate when they
develop rapidly and kill their host. Normally, only one maggot
survives per host. Supernumerary individuals are excluded by intra-



95

or interspecific competition. Interspecific competition is decided in
favour of the species with the most rapid development. The’
laboratory rearings gave more :Znsight into parasite competition. We
took a sample of 312 fourth to sixth instar larvae from the
experimental stand. Six percent moulted to pupae, 85% were left by
tachinid maggots, 7% died of NPV, and 2% of unknown reasons. In the
cages, we found 425 tachinid puparia; 368 P. silvestris, 45
Blepharipa sp., 11 Ceranthia samarensis and 1 Compsilura concinnata.
Assuming that the individuals of the three latter species each
emerged from a single host, 237 gypsy moth larvae would remain for
368 Parasetigena puparia, an average of 1.6 maggots developing per
host. We did not rear single gypsy moth larvae. However, we
observed a few cases where two tachinids emerged from the same host;
in one case, one gypsy moth larva yielded three maggots.
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Fig. 2. Blepharipa schineri: Percent parasitism and superparasitism
of Lymantria dispar and number of maggots per host in the communal
forest of Offenburg in 1986 (determined by larval dissection).

The ratio of 8:1 in favour of Parasetigena puparia indicated
that this species outcompeted B. schineri.

The results of the dissections and rearings demonstrate that the
outbreak of L. dispar in Southwest Germany collapsed predominantly
through the influence of the two tachinids, P. silvestris and B.
schineri. As already mentioned, only 5% of the leaves were browsed
in the experimental site. To document that a population collapse had
occurred, we surveyed the flight of the moth by the use of sex
pheromone traps. In 12 delta traps baited with 100 ug of disparlure,
an average of only 46 males per trap was caught during the whole
flight period from July 20 to September 1; maximum flight activity
occurred during early August. New egg masses were also extremely
rare.
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Fig. 3. Percent multiparasitism in Lymantria dispar larvae by
Parasetigena silvestris and Blepharipa schineri (determined by
dissection of host larvae.

The tachinids, especially P. silvestris, reached very high
population densities. This univoltine species hibernates in a
puparium in the ground as does E. schineri. Therefore, we expected
intensive flight activities of these two species in the spring of
1987. However, the contrary occurred. On May 14 and June 12, the
time of maximal activity in 198€, not one fly visited textile belts
or leaves sprayed with sugar water which is difficult to explain. In
spring, we predicted complete defoliation because of the high density
of first instar gypsy moth larvae. The key mortality factor,
parasitism by tachinids, affects only the last stage larvae that had
completed feeding. Our methods obviously overlooked essential
mortality factors such as predation. In addition, physiological
dysfunction of the larvae may have limited food consumption.

We do not know whether the population collapsed because of
unknown mortality factors or dispersed after hatching in search for
alternative hosts.

The Effect of Spraying Egg Masses with Gypchek2

In the forest district of Kehl, we tested this method in an
isolated stand that had a high egg mass density and no incidence of
NPV the season before. The aim of our studies was to infect young
larvae during hatching thereby transporting the virus into the crowns
to induce an epizootic in the whole L. dispar population.

2 Dr.J. Huber, Darmstadt, and Dr. K.Lohmann, Freiburg,

participated in these investigations. Dr. J. Podgwaite sent us a
sample of Gypchek. Many thanks to all these colleagues.
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Our trials were divided into three successive phases:
-- the estimation of the effective virus concentration
in the laboratory;
-- the treatment of the egg masses in the field and the
monitoring of the NPV epizootic; and
-- the identification of the effective NPV strain through
restriction endonuclease analysis of the viral DNA.

To determine the effective virus concentration we sprayed each
field collected egg mass few days before hatch with about 3.5 ml of
Gypchek suspension. The concentrations were 107, 10%, 10’ and 10°
PIB's per ml. We added 0.025% of the adjuvant Citowett (Celamerck,
Ingelheim) to the suspension and in some trials 1% milk powder
(sticker) and/or 20% sugar ( rhagostimulants). The larvae were held
solitary or in groups of three in small containers on leaves or on an
artificial medium (Bell et al., 1981). Dead larvae were counted
every third day.

In all trials, mortality increased with the virus
concentration. Routinely, 90% mortality was obtained 12 days after
the concentrations 10’ or 10° PIB's per ml were applied. Results of
15 different tests with larvae caged solitarily or in groups, fed
with leaves or a medium, sprayed with or without sugar or milk
powder, showed no significant differences. The average of the LC90
was 2.7 x 10’ PIB's per ml.

For the field trial, we chose a hardwood forest of 11 ha
surrounded by agricultural areas. The oak stands had different ages,
from less than 5 up to 140 years. 1In 1985, defoliation by gypsy moth
was noted for the first time, egg mass density was high (> 2400
masses per ha) and culmination of the outbreak was expected in 1986.

On April 30, at the beginning of hatch, the egg masses on the
lower part of the stems were treated with Gypchek with a portable
high-pressure sprayer to the point of run off. The spray medium
contained 10’ or 10° PIB's per ml, 20% sugar and 0.025% Citowett
Weekly, we collected larvae, reared them in the laboratory and
ascertained the rates of the infection and parasitism within treated
and untreated plots. Mortality by NPV did not exceed 12% for the
first 6 weeks of laboratory rearing. Beginning with the 7th week,
the respective mortality ranged from 40 to 66% independent of the
plots from which the larvae were collected (Fig. 4). Dispersal of
young larvae by wind and transmission of NPV within the gypsy moth
population by parasites had obliterated differences between
experimental plots. Parasitism by tachinid flies increased total
mortality up to 91% in weekly samples. The relative population
density of L. dispar larvae calculated from the number of larvae in
the first sample (=100%) minus the mortality rate in the successive
samples decreased below 0.1%. By calculating the mortality induced
only by NPV in each sample, we could show that it would have reduced
the gypsy moth density below 5% even without considering mortality by
parasites. The question whether the high mortality in the
experimental area was induced by Gypchek sprayings or, perhaps, by an
endogenous virus strain was still unknown. Restriction endonuclease
analysis was undertaken to provide an answer. We isolated the virus
DNA from the dry Gypchek preparate and from deep frozen NPV-infected
larvae collected in the experimental stands respectively in the
Offenburg area about 20 km to the south. The preparation followed
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the methods described by Stiles and coworkers (1983). Each of the
DNA preparations were treated with the four endonucleases Bam H I,
Bgl II, Hind III and Eco RI. The electrophoresis was run in 0.7%
(wt/vol) agarose gel for about 16 hours with 80 v. The gels were
stained with ethidium bromide. Comparing the restriction profiles,
we could positively identify the American NPV strain, Ldp-67
(Connecticut Standard) as the cause for the virus disease in the
experimental stands. The band patterns from Gypchek DNA and from
virus DNA from the treated area were identical in each enzyme treated
but differed from that from the Offenburg material. No mixed
infection was shown.
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Fig. 4. Mortality rate of Lymantria dispar larvae in the plot
treated with Gypchek (107 PIB's per ml).

In comparison with former results, our treatments of egg masses
with Gypchek in the laboratory and in the field proved to be very
effective. Campbell (1983) induceg a maximal mortality of 7U% after
21 days with a concentration of 10~ PIB's per ml in the
laboratory. Yet, in the field, he obtained only 57% reduction of egg
mass densities. In our studies, we observed high morgality to newly
hatched larvae on egg masses which we treated with 10~ PIB's per ml
concentration. That means we did not succeed in using the larvae ?s
a vector of the NPV with such a high concentration. After all, 10
PIB's per ml turned out to be the best concentration to treat egg
masses. During 1986, also in the Kehl forest district, the gypsy
moth outbreak was brought to an end by tachinid parasites, and, at
least in the experimental stands, by NPV. In June,however, the
density of the larvae was still so high that complete defoliation
occurred in some stands. Nevertheless, we caught only an average of
56 males in 11 pheromone traps during the whole flight period. In
addition, we found only four new egg masses in the whole subdistrict.
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What consequences did the gypsy moth outbreak from 1984 to 1986
have on the forest economy? In addition to the defoliation by
phytophagous insects, the second sprouting of Q. robur was heavily
infected by the oak mildew, Armillaria mellea. All these damages led
to the loss of 13 ha of plantation and 7 ha of pole-sized timber. In
mature stands, single trees were harvested to avoid further loss
through timber decay. The incidental felling amounted to about 2200
cubic meters.
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NATURAL DI SEASE OF GrY P S Y MOTH

IN VARIOUS GRADATTION PHASES

Inge. Julius Novotny, Forest Research Institute
Research Station, 969 23 Bansk& Stiavnica, Czechoslovakia

INTRODUCTION

The family Lymantriidae is represented by several

dendrophilous species in Slovakiae. Gypsy moth (Lymantria
dispar L.) is the most important species from the viewpo-
int of forestry. Its outbreak occurs in the period of 8-10
years. Each of its gradation phases (progression, culmina-
tion, repression) lasts in primary foci usually for one
season (Novotny 1986). Under the conditions of Europe
great bioregulative complex is connected with Lymantria
dispar. Entomopathogenic microorganisms are the most im-
portant component of this complex. Their effect is concen-
trated mainly on larval stage of pest. Viruses (Guliy -
Golosova 1975, Mihalache - Pirvescu 1980) are of the most
significant effect, then follow bacteria (Weiser 1966, Mi-
halache - Pirvescu 1980) and protozoa {Weiser 1966, 1976,
Zelinskaya 1980). The infestation by fungal pathogens
(Weiser 1966, Glowacka 1983) is less frequent. In the de-
pendance on population density of pest the overinfestation
of population by pathogens is increasing or decreasing.
It can be supposed that a relation exists between specific
structure and activation of pathogenic microorganisms and
developmental stages of pest or gradation phases. The ob-
servations of some authors (Podgwaite 1981, Glowacka 1983)
suggest this fact.

We used the outbreak of Lymantria dispar on the te-
rritory of Slovakia in the years 1985-1987 for the study
of some dependancies in the relation of entomopathogenic
microorganisms and pest.

METHODS

In 1985-1987 we monitored population dynamics of Ly-
mantria dispar in the primary focus of its outbreak (loca-
lity Cifdre). Samples of pupae, larvae (by 100) were taken
larval instar L o0 Ly 4+ Lo_ from field population. We
observed materiéI in iagora§o§y up to hatching of imagos.
Dead individuals were differentiated after examination
into three groups according to fact whether pathogens,para-
sitoids or other causes (physiological and unknown rea-
sons of dying) were the originator of mortality. Caterpi-
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llars died due to pathogens were examined with the help of
microscope and the pathogen was determined: virus, bacte-
rium, protozoan, fungus, mixed infections. Then individual
species of pathogens were specified. The determination was
made in the cooperation with Dr. Jaroslav Weiser, DrSc.
(Csav, Patologia hmyzu, Praha) corresponding member of

the Czechoslovak Academy of Sciences who determined major
part of material, revised previous determination respecti-
vely. Experimental material was taken from one primary fo-
cus (locality Cifére) during whole three-year period where
separate years were uniform for following gradation pha-
ses: 1985 = progression, 1986 - culmination, 1987 = re-
gression., Gained data were worked out statistically and
evaluated according to own mathematic formulas - coeffi-
cients.

RESULTS

Abundant characteristics of population (Fig. 1) pro-
ves of significant dependancy among gradation phase, num-
ber of pest and mortality. In the dependance on the number
of pest his disposability to bioregulators has been chan-
ginge.

Figure l: Abundance characteristics of Lymantria dispar
population (P-progression, C-culmination, R=-re-
gression)
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The situation is characterized vividly by autoregula-
tive coefficient A, (Table 1) which expresses on the basis
of ratic of population weakening coefficient (Ni) and re-
sistance coefficient (Rk) the state of conditions making
possible the activation of bioregulative complex. Incre-
asing Ay marks improving conditions for bioregulators
effect and vice versa. In our trials A, is of highest va-
lue in culmination phase because condi§ions for mass
appearance of bioregulators ripened here. Then their spon-
taneous treatment to pest population changed the condi-
tions for their effect significantly. As a result the lo-
west Ak in regression followed.

Table 1. Bioregulation characteristic of gypsy moth

population.
Gradation Population Population Autoregulative
phases weakening resistance coefficient of
coefficient coefficient ecosystem
(Ng) (Rk) (Ak)

Progression 0.37 2.67 1.39 x 107+
Culmination 14.28 0.07 2,04 x 1o§3
Regression 0.06 17.63 3.40 x 10

Figure 2: Share of bioregulators in mortality (P-progres-
sion, C-culmination, R-regression)
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At whole the complex of pathogens was the most active
bioregulator in all gradation phases. Parasitoids and
other causes had significantly smaller share in the morta-
lity. Importance of bioregulator group in larval stage was
similar. But it difered basically from previous two causes
in the stage of pupa (Fig. 2). With the comparing of the
effect of individual pathogens we found that bacteria had
the greatest effect in progression phase (49,5%)., viruses
in culmination (49.2%) and bacteria again in regression
phase (60,0%). Similar pathogens were dominant also in
larval stage.(Table 2). In the stage of pupa only viruses
had mortal effect.

Table 2. Participation of pathogens in mortality of gypsy
moth larvae.

Pathogen Progression Culmination Regression
Virosis 20.0 48.6 30.0
Bacteria 50.6 24.9 60.0
Mycosis 12.6 0.0 0.0
Protozoa 14.7 16.0 10.0
Mixed infections 2.1 10.5 0.0

Also the presence of pathogens in the dependance on
caterpillars instar was differentiated basically. With the
youngest caterpillars bacteria prevailed during progre-
ssion (69,9%)., viruses during culmination (40,0%) and
again bacteria in regression phase (83,3%). Representation
of pathogens in the group of caterpillar Lz_4 was diffe-
rent. Bacteria were the most abundant in tﬁe first and se-
cond period (45,9% and 34,5%), viruses in the third one
(66,7%). With mature caterpillars viruses prevailed in all
phases (54,6%, 74,2%, 100%) (Fig. 3).

Figure 3: Representation of groups of pathogens in diffe-
rent gradation phases
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Figures 4 show the affinity of the groups of pathogens to
instars of caterpillars, developmental stages of pest res-
pectively.

Viruses had expressive effect in all gradation pha-
ses, in the most effective against mid-aged and mature ca-
terpillars while dying ended also in the stage of pupa.
Also bacteria had expressive course of their effect in all
phases. They infested the youngest caterpillars intensive-
ly and their effect was sharply decreasing with the incre-
asing of the age of caterpillars. It was equal to zero in
the stage of pupa. We recorded the presence of fungi only
in the progression phase. These pathogens were missing in
culmination and regression.

Protozoal infections in the period of progression
appeared expressively with caterpillars of middle age,
with the increasing from the youngest instar and decrea-
sing with the oldest instar. The effect upon pupae was not
found. In culmination and regression phase was maximum
equally in the period of the youngest caterpillars and it
has decreasing trend in following instars. We found mixed
infections in the progression phase only with the youngest
caterpillars (bacteria + viruses). They were more frequent
during culmination and their maximum was concentrated on
caterpillars L3-4. In this period we found combination vi-
ruses + protozoa, viruses + bacteria, viruses + fungi,
with caterpillars Lj_, combinations viruses + protozoa,
protozoa + bacteria, viruses + bacteria, viruses + fungi,
viruses + protozoa + bacteria with caterpillars Lz_4.

The oldest caterpillars infested combinations of pathogens
as viruses + protozoa, viruses + bacteria, viruses + fungi.
Mixed infections did not occur in regression (Fig. 4).

Figure 4: Binding of pathogens to instar, pest developmen-
tal stages resp. ( &~ L; o, b= L;_,., c- Lg g,
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Coefficients of pathogen activation (Z,_) give
the survey on pathogen ability to be successful in control
against pest in different gradation phases, as data giving
relation between pathogen representation in pest popula-
tion and total mortality induced by diseases. It can be
seen from the comparing of the curves of the coefficients
of individual pathogens activation (Fig. 5) that the order
of pathogens activation in the progression phase is follo-
wing. Bacteria are the most active, then follow protozoa,
fungi and mixed infection.

Figure 5: Curves of activation coefficients of single pat-~
hogens (Coefficient Zv-virosis, Zb-bacteria,
Zm-mycosis, Zp-protozoa diseas, Zz-mixed infec-~
tions; P-progression, C-culmination, R-regre-

ssion)
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The order is changing in culmination: viruses - bacteria =
- protozoa - mixed infections, fungi were not active.
The order during regression was following: bacteria, viru-
ses, protozoa, fungi; mixed infections were not active.
The determination of pathogens asserted specific diversity
of entomopathogenic microorganisms accompanying gypsy moth
gradation. Nuclear polyhedrosis was represente t%e most
often among viruses (94,74%). We recorded also cytoplasmic
polyhedrosis (1,75 %) but also rare incidence of granulo-
sis (3,51%) in examined sample. From bacilli systems of
spores and stamens of septicemic bacteria (88,89%) pre-
vailed, then cocci followed (9,10%) and Bacillus thurin-
giensis had only symbolic representation. Systems of spo-
res of fungal pathogens (58,33%) and Beauveria bassiana
(41,67%) represented mycoses.

With protozoa represented by microsporidia species
Nosema lymantriae (38,64%), Nosema serbica (54,55%) and
Nosema sp. (6,81%) were determined.

DISCUSSION

The role, structure and specific diversity of patho-
gens in our observations differ from data given by other
authors. Nuclear polyhedrosis predominates in general in
American populations of pest, bacteria are less represen=-
ted and fungi only slightly. Protozoal infections are mi-
ssing fully (Podgwaite 198l). According to other authors
(Glowacka 1983) viruses = nuclear polyhedrosis always pre-
vails in Europe and it is accompanied by microsporidia.
Next year the presence of two given pat%ogens is increa-
sing and also fungal infections have significant share in
the mortality. Our experiments indicate that each pathogen,
excluding fungi, has its own dynamics and place in the
complex of bioregulators in the dependance on developmen-
tal stages of pest and its population density. Activation
and pathogenicity of viroses was the most expressive with
older and mature caterpillars with the peak in the culmina=-
tion phase of gradation. This period is optimal for mass
development of disease. Solid infectious base of pathogen
which is transferred and multiplied by previous popula-
tions has been already existing in the biotope of pest.
This one is increased by the effect of pest maximal abun-
dance. It is activated by physiological weakening of ca-
terpillars resulting from advanced phase of gradation,

Pathogen infests not only larval stage but we obser-
ved also the ending of mortality in the pupa stage.

Bacteria had expressive affinity to the youngest ca=-
terpillars without regard to gradation phase. Their direct
pathogenicity is questionable in several cases. Pathogens
excluding obligatory pathogens are activated for infec-
tions effect with helpful factor (climatic, physiological,
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etc.) (Weiser 1966). Mass presence of bacteria in the most
sensitive period of pest development (Lj_) indicates that
the portion of detected mortality need not have primary
reason in bacteriosis,

The presence of mycoses was expressively irregular.
It occurred only in season when unsteady, heavily rainy
weather prevailed in the springe Their effect can be co-
nnected rather with climatic conditions as with pest de-
velopment and its population density.

Infections induced by microsporidia have own special
mechanism, The speed and mortality of infection depends
on the importance of organ which was infested by pathogen
(Weiser 1976). Therefore it may happen that some part of
individuals infested by pathogen survives but usually also
pathogen survives and it is transported to following popu-
lation by special mechanism,.

The representation of pathogen in separate instars
does not indicate more significant dependance on the pest
development and did not induce pupae mortality et all.

The mechanism of effect can be connected with gradation
phase. The formation of infections base started by accumu-
lation of pathogen in ecotype during initial periods of
gradation. Pathogenicity appeared in progression through
mass dying of larvae of middle age.Other individuals in-
fested but not died finished their development to imagos
hatching. But females transported pathogen with their bo-
dies’ surface to egg layings. Then the youngest caterpi-
llars were infested in hatching and mortality appeared in
first instars. The mechanism was repeated also in regre-
ssion., But important part of infections induced by micro-
sporidia cannot be recorded statistically. In more advan-
ced phases of gradation viroses are strongly activated
with individuals also in the case when the individual is
infested by microsporidium. Viroses have speed course and
induce host mortality before microsporidia are able to de-
velop into full form. Therefore also viruses with micro-
sporidia are the most frequent components of mixed infec-
tions, With mixed infections incidence their unspecifity
to developmental stages of pest can be observed but evi-
dent binding to its population density. It is logical that
with rising abundance of pest and its weakening the suppo-
sition for mass presence of several pathogens is incre-
asinge. So the probability of their meeting in the body of
one host is increasing too.

SUMMARY

On the basis of the observation of pathogens abundan-
ce and structure in the population of gypsy moth (Lyman-
tria dispar L.) under the conditions of Central Europe du-
ring 3 - year period we can conclude that individual patho-
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gens acting as bioregulators of this pest have their spe-
cific relations to instars of caterpillar, to developmen-
tal stage of pest or its population density in different
gradation phases resp. Fungal infections are exclusion
since with them this dependance was not asserted unanimo-
usly., Gained knowledge are basic source of information for
the study of complex problems of the artificial control

of pest population density through the introduction of en-
tomopathogenic microorganisms,
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Mate finding among moths incorporates displacement
movements which result in one sex flying or walking toward a
signal emitted by the other sex. This communication
routinely occurs over distances of several to perhaps
hundreds of meters and it is mediated principally by
airborne chemical signals. As yet no species of moth has
been documented to rely solely on non—-pheromonal cues in
these 'long-distance' displacement activities, although in
many examples either visual or in a few species auditory
cues augment the chemical stimulus, particularly after the
responding sex arrives within a range wherein these latter
signals can be utilized.

In examining the organization of the pheromone
communication systems of lymantriids and its probable
selective value it will be instructive to compare the known
cases in this family with the diversity of communication
habits described in other moth groups. This approach allows
us to consider explanations of how the reproductive biology
and generally arboreal habitat of the lymantriids may have
shaped their use of the chemical communication channel for
mate location and recognition.

WHY ARE FEMALES THE EMITTERS AND MALES THE RESPONDERS?

In moths the 'resource-limited' sex is the female:
beyond fertilization a male generally contributes nothing to
his offspring, although in some species nutrient transfer to
the female via the spermatophore can occur (Greenfield
1982), and in some species improve her fecundity (Goss
1979). Generally a female's reproductive success is related
to the number of eggs produced, whereas the male's is tied
to the number of matings procured and how many of his sperm
are successful in fertilizing eggs. Males must therefore



114

vie for the available females. A male able to detect and
orient to volatiles from a female would enhance his
reproductive fitness by being able to find females more
readily. This proposal was originally offered by Thornhill
(1979) to explain the origin of male-produced pheromones in
scorpionflies: in this group the males provide nutrients as
saliva balls or prey which they proffer to their prospective
mates. Such abilities, once acquired, could be improved by
enhancing both sensitivity to pheromone and skill in
maneuvering to its source. The same reasoning has been
used to explain why in the preponderance of moth species it
is the female, the resource-limited sex, that perches and
emits pheromone (Cardé and Baker 1984), whereas the male
assumes the energetically more expensive task of 'ranging'
and pheromone—-mediated flight with its attendant risk of
predation.

While this rule seems to be satisfied amongst most moth
species, remarkable and presumably more recently evolved
exceptions are found. In the pyralid, the lesser wax moth
(Achroia grisella), males attract females with sound created
by wing vibration augmented by pheromone emitted from costal
glands on the forewings (Spangler et al. 1984). A possible
resource offered by the male is that he may be situated near
or in bee's nests, wherein host food is to be found.

Several arctiid moths have a dual strategy of attraction
(Boppré 1986). Early in the evening, males of Estigmene
acrea inflate immense coremata at the tip of their abdomens.
The released pheromone attracts additional males which
settle and also evert their coremata. These congregations
also lure females who will mate with one of the displaying
males. Later in the night the roles are reversed and, as is
typical in most moths, males are attracted to pheromone-
emitting females (Willis and Birch 1982). The males of
these species may provide a nutritive contribution to egg
production through the spermatophore, but this remains to be
established.

These cases serve to illustrate some of the diversity
of mate finding strategies among the more than 120,000
described species of moths. What is then somewhat
surprising is the evident uniformity of the communication
systems used by lymantriids, which are comprised of 2160
species worldwide (Holloway et al. 1987). To date all the
described cases involve the presumed ancestral state of
long-distance male attraction to females. It is possible
that systems which diverge from this plan remain to be
uncovered. But the fact that females of many species in
the Lymantriidae are wingless or winged but flightless (e.g.
certain gypsy moth, Lymantria dispar, populations) (Ferguson
1978) argues that in this family there is a pronounced
history of female investment in eggs rather than flight. An
emphasis on females as the resource-limited sex predicts
male attraction to the female and of course in the species
lacking female flight, male flight to the female is the only
possible solution for long-range attraction. A possible
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contribution of the male to female fecundity through a
nutritive donation contained in the spermatophore is not
verified in this family. Indeed, adult lymantriids lack
functional mouthparts, and the females generally mate soon
after eclosion and immediately lay their full complement of
eggs, so that such a donation would be unexpected.

WHY DO LYMANTRIID MALES LACK COURTSHIP PHEROMONE?

None of the lymantriid species studied appear to
utilize a male-produced pheromone to facilitate any aspect
of courtship, although such signals are widely distributed
throughout other moth groups. There is a diversity of
morphologically divergent and therefore independently
evolved scent-disseminating structures used by male moths in
courtship (Birch 1974) and the lack of such structures in
lymantriids is unexpected.

One explanation for the widespread occurrence of such
male-produced courtship signals in moths is female-choice
sexual selection (Baker and Cardé 1979, Phelan and Baker
1987). There remains some debate about how such signals
originate, but one scenario posits females selecting males
with 'better’' behavioral traits for 'seduction.' In the
ensuing generation this trait, which might be linked to some
other aspect of inclusive fitness (Thornhill 1979) such as a
male's nutritrive contribution to his offspring or a
females's fecundity., confers an advantage to her sons in
courting 'choosy' females. Runaway sexual selection
(O'Donald 1962) then rapidly fixes these characters in the
species. There is no reason to suppose that male courtship
pheromones cannot occur among the Lymantriidae, but if they
do occur, their origin via this behavioral feature being
linked initially to a male's nutritive contribution to his
offspring or female fecundity seems unlikely. This
disparity in sexual investment may explain the evident
absence of male courtship pheromones in lymantriids, and
suggests this factor as an explanation for their appearance
in other moth groups.

The gypsy moth under natural conditions generally mates
once (Doane 1968), although in dense populations remating
may occur (Cardé and Hagaman 1984, see also Richerson et al.
1976). In general, multiple mating among lymantriids
apparently occurs less frequently than among most
Lepidoptera. Multiple mating has also been viewed as
contributory to rapid sexual selection by female choice
(Eberhard 1985).
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WHY ARE ATTRACTANTS FOR LYMANTRIIDS NOT COMPLEX BLENDS?

The known chemicals for male attraction and those that
have been confirmed as being present in the female are given
in Table 1 (after Arn et al. 1987). The compounds are
unique in the sense that they do not appear to occur outside
the Lymantriidae. Further, none of the many chemicals
identified as attractant pheromones in other moth families
have been found to lure male lymantriids (Arn et al. 1987).
Finally, most of the pherorones identified appear to consist
of only one or two components. In contrast, in other
families of moths there is a paucity of such simple systems;
blends typically consist of several to as many as 7
components, and component ratio is often crucial to
attractivity.

Part of the explanaticn for the comparative simplicity
of lymantriid pheromones may lie in the evident exclusivity
of the chemicals employed ky the relatively moderate number
of species (2160) in this group. In contrast, blends of 12,
14, or 16 carbon chain-length acetates, alcohols or
aldehydes with one or two double bonds generally
characterize (Arn et al. 1S87) the attractants of the
species that have been investigated among the noctuids (340
of 21,000 species), tortricids (360 of 5,000 species) and
pyralids (59 of 20,000 species) (tabulations of species by
family in Holloway et al. 1987). Given the number of
species in these latter three families using a relatively
small number of compounds, exclusive communication channels
would seem to necessitate complex blends.

A quite different explanation for the seeming
simplicity of lymantriid phkeromones, however, may lie in the
methods used to characterize their chemistry and biological
activity. Many of the species in the Noctuidae, Tortricidae
and other families now accepted to utilize complex blends
originally were characterized as having uncomplicated single
or dual component systems. As the sophistication of
anaiytical and bioassay techniques has advanced over the
past 20 years, so too has the number of compounds attributed
to their attractant pheromones.

In contrast, the pheromones of few lymantriid species
have been characterized, arnd fewer still have been subjected
to the scrutiny applied to several of the noctuids and
tortricids. Thus the simplicity of the former systems may
be deceptive. A final sampling problem is that the species
so far examined are from temperate regions where this family
is not rich in species. Such species assemblages would be
less apt to have tightly-~packed chemical communication
channels characterized by complex blends (Cardé 1986).



Table 1. Sex pheromones (P)* and attractants (A)** of the Lymantriidae.
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SPECIES STATUS STRUCTURZ REFERENCE
orgyia
pseudotsugata B 26-21-11Ketone Smith et al. 1975.
leucostigma A Grant 1977.
antiqua A 26-21-11Ketone Daterman et al. 1976.
cana A Daterman et al. 1976.
Dasychira
grisefacta ella A Daterman et al. 1976.
vagans grisea A Z6-21-11Ketone Daterman et al. 1976.
plagiata A Grant 1977.
Lymantria
dispar P (+) cis7-8epoxy2Me-18Hy Bierl et al. 1970

dispar japonica A

monacha P
fumida A
obfuscata A
Euproctis
similis
xanthocampa P
Gynaephora
ginghainensis P

(t) cis7-8epoxy2Me-18Hy
(+) cis7-8epoxy2Me-18Hy:10%
(=) cis7-8epoxy2Me-18Hy:90%

(+) cis7-8epoxy2Me-18Hy

27-18isovalerate

23, 26, 29-21Hy
23, 26, Z9-20Hy

& Cardé et al. 1977.

Beroza et al. 1973a.

Bierl et al. 1975

& Hansen 1984.

Beroza et al. 1973a.

Beroza et al. 1973b.

Tan et al. 1984.

Chen 1980.

From Arn et al. 1986.

Pheromones are defined here as sex attractants that have been verified as
being produced by the female.
#% Attractants are defined solely by their ability to lure males.
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HOW ARE PHEROMONE COMMUNICATION CHANNELS PARTITIONED?

The exclusivity of pheromone channels is not defined
solely by specificity of production and response. The
timing of daily and seasoral patterns of mating and habitat
preferences each can provide sufficient separation to allow
more than a single species to rely on the same pheromone
(Roelofs and Cardé 1974). Differing diel periodicities of
mating in particular have received emphasis as an effective
partitioning mechanism in moths (e.g.,Cardé and Baker 1984,
Cardé 1986). However, such rhythms are influenced by many
other factors, including flight energetics and daily
fluctuations in temperature, and the timing of avian and
chiropteran predation (Cardé 1986).

The lymantriids that have been examined have
comparatively broad female calling or pheromone emission
periodicities and broad or multiple male response intervals.
Schaefer (1974) demonstrated by hourly hand netting of
flying male browntail motks, Euproctis chrysorrhoea, that
there is a trimodal distribution of male flight: one hour
after sunset, another close to midnight, and a final bout
near dawn. Males were lured to female-baited sticky traps
only during the latter twc activity periods. The female
satin moth, Leucoma salicis, initiates calling after sunset,
with 50% calling by 22:30 hr (EST), and females continuing
to call until dawn (Wagner and Leonard 1979). Male
attraction and mating begins after sunset with 50% of
matings occurring by 22:40.

Differing rhythms of calling are characteristic of some
of the Orgyia species. ThLese rhythms, however, are broad
and they overlap considerably (Grant et al. 1975). Male O.
antiqua are mainly attracted in the afternoon and male O.
leucostigma mainly in the morning, but it is not yet clear
how fully these differences isolate these tussock moths
under natural conditions (Grant 1977).

Similarly, the sexual activity rhythms of L. dispar and
L. monacha overlap to some extent (Schrdoter and Lange 1975)
and thus may provide only a partial barrier to cross
attraction. Habitat preferences and, to a Lesser extent,
seasonal flight periods of these two widely sympatric
congeners also differ somewhat (Schrdter 1981), but again a
considerable overlap should allow cross attraction.
Nevertheless, some isolation is achieved by differing
rhythms of daily, seasonal activity and by habitat
preference.

The extent to which specificity in the chemical message
imparts isolation must be inferred from a few examples. 1In
the gypsy moth the female emits (Hansen 1984) and the males
respond optimally (Iwaki et al. 1974, Miller et al. 1977) to
(7R, 8S)~cis-epoxy—-2-methyloctadecane [(+)-disparlure]. 1Its
antipode (7S,8R-cis-epoxy-2-methyloctadecane) [(-)-
disparlure] greatly diminishes attractivity when the two
optical forms are admixed: a 1:1 blend evokes about one-—
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tenth the trap catch of (+)-disparlure. The nun moth has
been estimated to emit roughly 10% of the (+)-enantiomer and
90% of the antipode (Hansen 1984). Male nun moths are
optimally attracted to a wide range of mixtures of the two
antipodes, and (+)-disparlure alone, but evidently not to
the (-)-enantiomer (Klimetzek et al. 1976). Thus, a good
degree of specificity between these two congeners is
achieved by differences in the blend released and the
reactions of the male, particularly the gypsy moth being
'inhibited’' by the nun moths' release of (-)-disparlure.

Studies by several workers have suggested (2)-6-
heneicosen-1ll-one as a (or the only) pheromone component of
4 species of Orgyia tussock moths and very likely involved
in the communication system of 3 species of Dasychira (ref.
in Table 1). A variety of behavioral bioassays in the
laboratory, electroantennograms, field trapping comparisons
and hybridization tests have pointed toward the involvement
of this chemical, but also support specificity being
conferred by additional and as-yet-unidentified components
(see review by Grant 1977). Thus the extent to which
lymantriids employ multiple-component blends remains
unclear.

WHAT ORIENTATION MANEUVERS ARE USED IN MATE LOCATION?

Male moths have been used extensively as a model system
to examine and describe the mechanisms and maneuvers
utilized by insects to orient to and successfully locate a
point-source of odor over long distances (tens to hundreds
of meters). Most of our knowledge of these orientation
mechanisms pertains to those involved in orientation to
pheromone plumes because these behaviors are so predictable
and amenable to experimental manipulation in sustained-
flight tunnels, and even in the field. 1In turn, virtually
all of our knowledge of the orientation maneuvers used by
lymantriids stems from studies of the gypsy moth, due in
large part to its status as a pest species, and because most
of these behaviors are relatively conspicuous since they are
expressed during daylight.

At the initial stage of this process, it is not known
if resting gypsy moth males are enveloped by a pheromone
plume and then become 'activated' or if males initiate
flight without pre-exposure to pheromone and then 'search'
for pheromone plumes. Possibly both strategies come into
play under natural conditions. Activation of quiescent
gypsy moth males has been studied extensively in the
laboratory. A resting male stimulated by pheromone can
react by antennal movements, walking, and most noticeably
and diagnostically, by initiation of wing fanning; wing
fanning can occur while the male is stationary or walking.
The latency of wing fanning varies inversely with pheromone
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concentration (Cardé and Hagaman 1979, Hagaman and Cardé
1984) and temperature (Cardé and Hagaman 1983).

Following exposure to the pheromone plume, male gypsy
moths demonstrate four basic behavioral patterns that
culminate in mating (Fig. 1): (1) pheromone-modulated
anemotactic flight toward the odor source; (2) vertical
flight in the immediate vicinity of the tree bole harboring
the calling female, whereby the male intermittently contacts
the bark with his tarsi; (3) landing cn the trunk after
which the male walks while wing fanning until he arrives at
the female and; (4) contact with and recognition of the
female with attendant expression of courtship behaviors that
climax in copulation. Even though it is convenient to
subdivide L. dispar precopulatory behaviors into such broad
categories, it must be empnanasized that these behaviors can
cycle and some behaviors of the sequence may be omitted.

The most extensively studied orientation maneuvers in
moths are those exhibited »y males as they fly toward a
pheromone source. Most current evidence supports a model
which relies on the integration of two main mechanisms: (1)
a chemically (pheromone) triggered and modulated, internally
generated program of counterturns which cause the male to
turn back and forth across the windline (Baker et al. 1984);
and (2) an optomotor anemotaxis which once triggered by
pheromone contact enables the male to judge wind direction
and velocity by the visual perception of wind-induced drift,
and steer his course accordingly (Kennedy and Marsh 1978,
Marsh et al. 1976, David 1986). The integration of these
mechanisms usually results in the generation of the typical
zigzagging upwind flight track that is characteristic of the
gypsy moth and most male moths observed to date (Baker 1985,
Kennedy 1983). A more detailed examination of these
mechanisms is presented in the next section of this chapter.

Although the in-flight maneuvers of male moths
responding to plumes of female pheromone have been
reasonably well studied, other aspects of orientation and
mating behavior have received far less attention. For gypsy
moth males, walking behavior constitutes another important
element of the mate location process. Several studies have
documented that once male gypsy moths land on trees, they
navigate the intervening distance to the calling female or
synthetic pheromone source by walking while wing fanning
(Doane 1968, Richerson 1977, Cardé and Hagaman 1984). The
resultant walking paths are characteristically convoluted,
predominantly vertically directed, and may require several
minutes to complete (Fig. 1).

Among the mechanisms which could enable the male to
locate a calling female once he has landed are a pheromone-
modulated anemotactic walk analogous to that used by flying
males, a walk whose path is governed by a pre-programmed
(central nervous system) search pattern, or a combination of
these mechanisms. A more detailed examination of the
behaviors and orientation mechanisms utilized by males
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Fig. 1. Generalized sequence of male gypsy moth mate-
seeking behaviors: (1) pheromone-modulated anemotactic
flight toward the pheromone source; (2) vertical flight in
the immediate vicinity of the tree bole harboring the
calling female, whereby the male intermittently makes tarsal
contact with the bark; (3) landing on the trunk after which
the male walks while wing fanning until he arrives at the
female and; (4) contact with and recognition of the female
followed by mating (from Charlton 1988).
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walking to a pheromone source will be presented in a
following section of this chapter.

HOW DOES A FLYING MALE NAVIGATE A COURSE
TO THE PHEROMONE SOURCE?

The orientation mechanisms utilized by male moths to
locate sources of female pheromone have been the subject of
research for many years, and recently have given rise to a
number of contentious hypotheses to explain odor source
location in moths. Currently the most accepted model for
upwind flight to a female pheromone source involves the
integration of two main mechanisms. The first is an
internally generated (central nervous system) program of
counterturns which is triggered by perception of the female
pheromone and modulated by the quantity (concentration),
quality (ratio of blend components), and the spatial and
temporal nature of these chemical stimuli. The second major
mechanism is an optomotor anemotaxis, that is, once the male
has encountered female pheromone he turns into the wind and
begins to displace upwind toward the source. The male
judges wind velocity and direction visually by watching the
ground pattern moving beneath him and compensating for wind-
induced drift away from his steered course {Kennedy and
Marsh 1974, Marsh et al. 1978, David 1986). The integration
of these two main mechanisms yields the zigzagging flight
track characteristic of male moths flying upwind to
pheromone sources (Fig. 2).

Attempts to explain the adaptive value of the cross-
wind counterturning resulted in a hypothesis (Kennedy 1983,
Cardé 1984, Baker 1985) which proposes that the regular
zigzagging typical of in-flight orientation is a mechanism
whereby the males gain enhanced sensitivity to visually
perceived, wind-induced drift. That is, by moving back-and-
forth across the wind, the male makes himself more
susceptible to being blown off course by the wind (like a
sailboat tacking across the wind), thus enabling him to
better see the wind-induced deviation and steer the
appropriate maneuver to correct for wind direction and
velocity. The ability to closely track the wind velocity
and direction is extremely important in maintaining contact
with a pheromone plume or regaining contact once the plume
is lost in the constantly shifting winds experienced by
flying male moths in nature.

Previously a pheromone plume had been envisaged to be
aligned with the wind direction, such that in the field, an
upwind heading would aim a flying organism toward the
chemical source (e.g., Bossert and Wilson 1963). David et
al. (1982, 1983) demonstrated that 'puffs' cf pheromone-
containing air emanating from a point source in an open,
grassy field travel over 20 m in straight paths. As the
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Fig. 2. Representative flight tracks of gypsy moth males
flying to three different pheromone concentrations. Flight
tracks were recorded in the plan view with the moth
progressing from bottom to top (from Charlton et al. 198%e).
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wind direction shifts the plume meanders, and the directions
upwind and along the plume's centerline are no longer
coincident. Gypsy moth males are able to successfully
locate sources of female pheromone in this situation by
initiating cross-wind casting behavior immediately following
loss of pheromone. In fact, David et al. (1983) reported
that the wide cross-wind counterturning, characteristic of
casting behavior, enabled the males to relocate the
pheromone plume closer to the source than where they had
lost contact with it. 1In the forest habitat of the gypsy
moth, however, the trajectory of pheromone puffs is non-
linear, with a mean change of over 100 degrees within 20 m
(Elkinton et al. 1987). The generally sinuous path of
pheromone in a forest implies that a male in such habitats
flying directly upwind often will be aimed away from the
source, even though the mean direction of the wind tends
toward the source.

One explanation for successful gypsy moth flight to
pheromone over many meters is that progress toward the
source occurs when the long axis of the pheromone plume andé
the wind are closely parallel. A moth encountering a plume
aligned across the instantaneous wind and flying upwind
would exit the plume. How=ver, the wind direction is oftern
consistent for intervals of several seconds or more (David
et al. 1983, Elkinton et al. 1987), and it is during these
episodes when plume segments are aligned with wind directicn
that substantial progress toward the source presumably
occurs. In this view it is the consistency of wind
direction and not the linearity of puff trajectory that
determines the success of moth navigation (Elkinton et al.
1987) .

Results of recent studies lend further support for the
existence of an internal counterturn generator (Charlton et
al. 1989e) and suggest that its function may be as
hypothesized (Kennedy 1983, Cardé 1984, Baker 1985)--to
enhance visual perception of wind-induced drift (Willis and
Baker 1987). By comparing the maneuvers used by male
Grapholita molesta (Tortricidae) to fly and walk to the same
pheromone sources, Willis and Baker (1987) demonstrated that
males walking upwind in a pheromone plume apparently did not
zigzag along their tracks as flying males do. Not only were
the angles steered by the walking males inconsistent with
the zigzags of the flying male, there was no temporal
regularity of intervals between turns as there is in flying
males. Since walking males can perceive wind speed and
direction via mechanoreceptors and steer directly upwind,
they have no need of the hypothetical increase in
sensitivity to visual cues provided to the flying males by
counterturning across the windline. Charlton et al. (1989e)
have demonstrated, using the gypsy moth, that the temporal
regularity of counterturning in flying males is unaffected
by variation in temperature. The turning frequency (a
measure of the output of the counterturning program) is
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likewise unaffected by the concentration of the pheromone
plume.

The spatial and temporal nature of the chemical stimuli
is also important for a male to make prolonged upwind
progress toward, and to eventually locate the source. The
necessity for intermittent, or pulsed pheromone stimulation
for male moths to maintain prolonged upwind flight to the
source, implied from earlier work (Kennedy et al. 1980,
1981, Willis and Baker 1984), has recently been verified
(Baker et al. 1985). When G. molesta males were released in
either a homogeneous cloud of pheromone or clean air, they
were unable to make sustained upwind progress. However,
when they were released into an airstream composed of
alternating slices (spanning the tunnel from floor-to-
ceiling and from side-to-side) of homogeneous pheromone and
clean air they became activated, took flight and flew upwind
in the zigzagging flight path typical of a G. molesta male
orienting upwind to a point-source plume of pheromone. This
illustrates the necessity for intermittent pheromone
stimulation for prolonged upwind orientation to an odor
source.

The ability of male gypsy moths and male moths in
general to respond to an intermittent pheromone stimulus has
recently been demonstrated at the central nervous system
level. Olberg, Willis, and Cardé (in preparation) have
shown that the nervous system of gypsy moth males is very
responsive to an intermittent pheromone stimulus, continuing
to show elevated firing rates for as long as intermittent
pheromone stimuli were presented to the insect. Continuous
stimulation with homogeneous pheromone elicited an initial
increase in firing rate followed by a return to base line
activity, even though the pheromone was still being
presented to the preparation. Increased responsiveness to
intermittent pheromone stimulation was observed from the
antennae, the ventral nerve cord, and the thoracic ganglia,
using both intracellular and extracellular recording
techniques. A detailed examination of the ability of the
central nervous system to respond to and encode intermittent
stimulation has been undertaken with Manduca sexta
(Christensen and Hildebrand, 1987). Interneurons in the
deutocerebrum responded by firing bursts of spikes 1:1 with
pheromone pulses at pulse rates as high as 10 Hz, and when
pheromone was presented as random pulses. These findings
indicate that the pheromone-specific areas of male moth
brains are exquisitely sensitive to the intermittent
pheromone stimulation that is characteristic of the typical
point-source pheromone plume.

Sex attractant pheromones of moths commonly consist of
multicomponent blends and are often composed of geometric
isomers (Tamaki 1985). The specificity of the female
emission and male response to these blends is often thought
to be responsible for species specificity in communication.
As noted previously, blends of geometric isomers have not
been encountered in the Lymantriidae, although many of the
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kncwn pheromone compounds possess a chiral center and thus
exist in two enantiomeric forms.

After it was discovered that the (+)-enantiomer of
disparlure was far more effective as an attractant than the
previously employed (#)-disparlure, the effect of the (-)-
enantiomer on male orientation behavior has been explored.
Field trapping studies using synthetic pheromone sources

with differing ratios of (+)- to (-)-disparlure showed that
increased amounts of the (-)-enantiomer resulted in
decreased trap catch (Cardé et al. 1977). Behavioral

observeations indicated that fewer males approached the traps
and those that did exhibited rapid and disorganized
zigzagging flight with relatively little landing and wing
fanning on the traps (Cardé et al. 1977). Later wind tunnel
studies showed that gypsy moth males did not persist as long
in their upwind flight in plumes with higher proportions [up
to 90:10 (-):(+)] of the (-)-enantiomer as they did in
plumes of pure (+)-disparlure (Miller and Roelofs 1978), and
that males flew significantly slower in pheromone plumes
with high ratios [up to 50:50 of (-):(+)] (Cardé anédé Hagaman
1979). 1In testing the ability of tethered gypsy moths to
respond to visual patterns and maintain altitude, Preiss and
Kramer (1983) found that when a male being stimulated by

(+) -disparlure was also exposed to the (-)-enantiomer, the
latter blocked the male's ability to stabilize his altitude
using optomotor cues. Another way to interpret these
results would be to suggest that Preiss and Kramer (1983)
were recording the males' attempts to leave a plume with the
wrong pheromone component blend.

It seems probable that the high proportion of (-)-
disparlure present in the pheromone glands of L. monacha
females could be important in maintaining species isolation
where these species are sympatric. Detailed studies are
necessary to determine how increased proportions of the (-)
enantiomer of disparlure affect the flight maneuvers of
free-flying gypsy moth males.

Although its importance to source location has
fluctuated from irrelevance (Farkas and Shorey 1972) to
omnipotence (Kennedy and Marsh 1974), the necessity of the
optomotor response to detect the moth’'s movement in relation
to the visual field is now known to be of primary importance
to successful upwind orientation to an odor plume (Kennedy
1983, 1986, Baker 1986). Even though its importance is
widely recognized, few studies have concentrated solely on
exparimentally determining the significant stimulus
parameters (spatial wave length of the pattern, velocity of
pattern movement, most sensitive region within the visual
field), and their effects on flight behavior.

It is not known precisely what areas of moths eyes are
most sensitive to optomotor stimulation. Collett and Blest
(1966) recorded extracellular activity in the optic lobe of
a sphinx moth (Sphinx lingustri) brain as they manipulated
the visual field, and found that the receptive fields
subtended most of the eye and that all parts of the field
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were directionally selective. In experiments using tethered
gypsy moths, Preiss and Kramer (1983) have, by restricting
the area of a visual pattern visible to the moth,
demonstrated that the tethered moths movements to adjust
altitude were made in response to movement in the lateral
parts of the visual field. Tethered gypsy moths attempted
to adjust their flight speed when the frontal part of their
visual field was stimulated by pattern movement (Preiss and
Kramer 1983). As in other experiments with tethered or
restrained insects, these results need to be verified with
free-flying moths. Sanders et al. (1981) found that males
of the spruce budworm moth (Christoneura fumiferana) were
relatively unresponsive to a moving floor pattern, but were
extremely sensitive to a moving visual pattern on the
ceiling.

Thus the information available for optomotor response
in flying moths indicates that (1) the entire eye may be
sensitive to optomotor stimuli (Collett and Blest 1966); (2)
separate sub-sections of the eye in tethered gypsy moths are
sensitive to different movements (Preiss and Kramer 1983);
and (3) in another moth inhabiting a forest environment
(which has ample visual stimulation available on all sides),
the males are more sensitive to optomotor stimulation from
above then from below (Sanders et al. 1981).

WHAT LIMITS THE DISTANCE OF PHEROMONE COMMUNICATION?

The renowned sensitivity of male moths to pheromone has
been based largely upon accounts of males being lured to
females over many kilometers (Bossert and Wilson 1963),
although careful scrutiny of the procedures involved and the
times between release and arrival at the female offer
tenuous support to the notion that the males detected and
oriented upwind to pheromone at the distance at which they
were released. Two of the experiments sometimes cited as
examples of long—-distance signalling involve the gypsy moth
(Forbush and Fernald 1896, Collins and Potts 1932). But the
time intervals between release and arrival are far longer
than direct flight to the source would suggest and in the
Collins and Potts experiments in which males were lured to
females on coastal islands, anemotactic flight over open sea
would seem impossible because there would be few of the
visual cues so necessary to the optomotor navigation, as
described previously.

In recent experiments in a forest, released male gypsy
moths rarely flew directly to the pheromone source 20 m or
more away and but a small proportion of males reached the
pheromone source when released at distances of 120 m, even
though they could routinely detect the presence of pheromone
at such distances as verified by the wing-fanning bioassay
(Elkinton et al. 1987). The disparity between detection of
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and ability to navigate a course to the pheromone source has
been explained by the fact that the wind direction shifts
frequently in the foresst and the direction upwind and the
direction toward the pheromone source are rarely congruous
even within 5-10 m of the origin of the pheromone. Thus the
major restriction to mate finding over long distances is
meteorological and not readily circumvented by enhancing the
rate of pheromone emission or diminishing the threshold of
response (Elkinton et al. 1937).

HOW DOES A LANDED MALE LOCATE A FEMALE?

After a male alights on a tree trunk or branch upon
which the female is calling, he negotiates the intervening
distance to the female through an elaborate and often
prolonged array of walking maneuvers (Fig. 1). Field
observations indicate that several lymantriids including L.
monacha {Schréter 1976), and L. dispar (Richerson 1977;
Cardé and Hagaman 1984) display these walking behaviors but
the cues and mechanisms inherent to this process have been
systematically evaluated only in the case of the gypsy moth.
Studies on L. dispar (Preiss and Kramer 1986) and several
moth species in other families (Shorey and Farkas 1973,
RKramer 1975, Willis and Baker 1987) have shown that males
walking on horizontal surfaces orient anemotactically upwind
in predominantly straight-line paths when stimulated by
pheromone. Under natural conditions, however, gypsy noth,
nun moth, and possibly other lymantriid males walk primarily
on vertical objects such as tree trunks where the calling
females are generally found. In addition, the variable wind
field and attendant pheromone pheromone dispersion patterns
prevalent in a forest mean that a walking male probably
experiences frequent or lengthy intervals out of the
phercmone plume.

Charlton et al. (1989d) used a locomotion compensator
(servosphere) to decipher the behavioral responses of male
gypsy moths exposed to various temporal pheromone
stimulation patterns while walking on a vertical surface.
The results indicated that even on a vertical surface, males
displayed positive anemotaxis when they were in a pheromone
plume (Fig. 3). When pheromone stimulation was interrupted
either by still air or a clean (pheromone-free) airstream,
males exhibited an area-restricted local search
characterized by primarily vertical or oblique movements
with frecquent reversals in direction (Fig. 3). During these
movements, the males wing fan almost constantly and the body
axis is aligned vertically with the head upward; downward
movements are accomplished by the male backing down.

The behavioral reactions elicited by loss of pheromone
may serve at least a dual function. First, walking in a
vertical plane should enhance the likelihood of recontacting
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Fig. 3. Typical tracks of walking male gypsy moths in
response to a pheromone plume (100 ng (+)-disparlure) or
still air or a clean (pheromone-free) airstream following
interruption of pheromone stimulation. Pathways were
recorded on a vertical surface using a locomotion
compensator (from Charlton et al. 1989d).
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the plume since, for the most part, wind in the forest flows
parallel to the ground. This response may therefore be
functionally analogous to the across-wind casting maneuvers
displayed by flying moths when they lose the odor plume.
Second, during the course of these movements, males can
encounter a female by accident: once a male contacts a
female with his tarsi, copulatory behavior is released by
structural attributes of the scales and mating quickly
follows (see next section).

Although never explored experimentally in lymantriids,
the wing fanning may abet the orientation process by
actively sampling the odor plume. Investigations on other
moths have shown that wing fanning serves to draw air over
the antennae (Obara 1979). It is possible that within a few
centimeters of the female, wing fanning could redirect the
pheromone plume, provided that the force generated by the
wings exceeds that of the wind.

Because the white female gypsy moths contrast markedly
with the typically dark background of their calling sites,
it is tempting to assume that the males would rely on vision
to orient to the female. At least for the gypsy moth,
however. the evidence indicates that visual stimuli
presented by the female do not influence the male's choice
of landing site nor do they facilitate more efficient
walking orientation to the female (Charlton and Cardé
1989a). Since male gypsy moths possess well developed
tympana sensitive to ultrasound (Baker and Cardé 1978;
Cardone and Fullard 1988) and superposition compound eyes
(Brown et al. 1977), it has been proposed (Charlton and
Cardé 1989a) that gypsy moths were originally nocturnal and
that mate location strategies tailored to a dark environment
were retained when they shifted to their present diurnal
habit, thus explaining the lack of visual response. An
alternate hypothesis (R. Webb, personal communication)
suggestis that the reason for not relying on visual
orientation is that in dense populations there are numerous
mated f2males (as many as hundreds per tree) but perhaps
only a few are virgins emitting pheromone. In such outbreak
populations dependence on visual cues could be quite
ineffective.

HOW DO MALES RECOGNIZE FEMALES AT CLOSE RANGE?

A male that has arrived in the vicinity of a female
must still successfully execute courtship behaviors, thereby
recognizing and gaining acceptance by the female in order to
initiate copulation. Based on studies examining several
lymantriid species (Doane 1968, Schréter 1976, Grant 1981,
Swaby et al. 1987, Charlton and Cardé 1989b), the
generalized sequence of male precopulatory behaviors can be
sunmarized as follows. After nearing the calling female,
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the male approaches while wing fanning and walking and
contacts the female usually first with the tarsi, followed
by the antennae. Almost immediately following this initial
contact, the male moves alongside the female and begins to
flex his abdomen at almost a right angle toward the female
while exposing his claspers as he attempts to copulate.
Mating quickly ensues and, interestingly, copulating
lymantriids remain facing in the same direction rather than
assuming the end-to-end or opposed position characteristic
of many other moths.

The factors associated with the female that elicit male
copulatory behaviors have been explored in detail in two
lymantriids, L. dispar and O. leucostigma. By applying
various attributes of female gypsy moths to surrogate models
(supplemented with pheromone) and assaying male response,
Charlton and Cardé (1989c) found that abdominal and forewing
scales evoked male copulatory behavior, as has been reported
for other moths (Ono 1977, 1981, Shimizu and Tamaki 1980,
Grant 1987). Extracting the scales with various organic
solvents did not diminish the male response, whereas
pulverizing the scales to destroy their structural
characteristics eliminated their activity. Thus, tactile
cues from the scales perceived via the tarsi provide the
recognition cues needed to initiate the copulatory attempt.
Copulatory behavior can occur in the absence of the
attractant pheromone, provided the male is stimulated by
pheromone in an earlier stage of behavior, such as flight or
walking, before he contacts the females' scales (Charlton
and Cardé 1989c).

The scales of the female whitemarked tussock moth also
release the copulatory attempt of the male (Grant 1981).
This response is mediated in part by structural attributes
of the scales, but the scales also provide a chemical
stimulus which releases male copulatory behavior: fcur
straight-chain alkanes extracted from the scales, n-
tricosane, n-tetracosane, n-pentacosane, and n-heptacosane,
evoke copulatory attempts when presented on a substrate that
has a suboptimal tactile surface (Grant et al. 1987). This
represents the first report in moths of chemicals (other
than those released from the pheromone gland) that function
as a copulation-releaser pheromone.

The question arises whether these recognition cues are
effective in maintaining reproductive isolation between
species? Schrdoter (1976) observed courtship between L.
dispar and L. monacha and found that these congeners readily
attempted to mate with each other, although matings were
never successful; Schrdter and other authors have attributed
the failure to mate to genitalic incompatibility. 1Indeed,
male moths of several species have been shown to respond
with copulatory behavior when offered the scales of other,
often distantly related species (Ono 1977, Shimizu and
Tamaki 1980), suggesting that the response is quite
ubiquitous and non-specific and probably not sufficient to
effect reproductive isolation.



The factors beyond attractant pheromone that induce
copulation are of particular interest because of the
unexplored possibility that they play a role in reprcductive
isolation and because of their potential contribution to
mate finding when long-distance communication is thwarted
due to the omnipresence of synthetic pheromone applied as a
mating disruptant.

CONCLUSION

The family-level characteristics of the pheromone
signalling system used by lymantriids appear to have
undergone no divergence from the presumed ancestral plan: a
female-emitted pheromone to lure the male. Further there is
no evidence yet in any species of a male-produced courtship
pheromone. These features seem explicable in terms of the
females' status as the resource-limited sex and the females'
tendency to mate once. However, as the number of species
examined increases, these trends may prove to have been
deceptively simplistic.

Our diagnosis of the structure of the pheromone
communication systems in lymantriids and the probable
selective forces promoting this plan have .been based upon
detailed studies of but a small fraction of the species in
this family. Chemical verification of the female-prcduced
pheromone has been accomplished in fewer than 1% of the
described species. These have been generally temperate in
distribution and possessing few potential 'competitors' for
their pheromone communication channel. A verification of
these trends among the lymantriids of the 0ld World tropics,
where this group is supposed to have originated and where
species diversity is high, would provide convincing support
for these suppositions or, alternatively, new paradigms to
be tested.

Our comprehension of the orientation maneuvers used by
moths tc fly to the vicinity of a pheromone source, land and
then navigate the last decimeters to the chemical's source
have relied heavily on one lymantriid, the gypsy moth, as an
experimental resource. The notion that some male moths,
with the gypsy moth ofttimes cited as an exemplar, are
attracted to females over distances of kilometers is not
substantiated by direct experimentation.

When the male is engulfed by an above threshold
concentration of pheromone, the principal orientation
naneuver involved in flying to a female includes upwind
anemotaxis. Because in a forest environment the directions
upwind and toward the phercmone source are only infrequently
aligned, especially as the distance from the source
increases, this orientation strategy must be coupled with
crosswind casting or other flight maneuvers that have the



effect of allowing a male to recontact the pheromone plume
following shifts in wind direction.

The walking maneuvers that follow landing near the
pheromone source have been studied in detail only in the
gypsy moth. Because of the variable wind direction of a
pheromone source on a tree bole, a male cannot routinely use
walking anemotaxis; instead he employs a 'preprogrammed'
path and recognizes the female by tactile cues following
tarsal contact. Mate recognition by the whitemarked tussock
moth is released by a combination of tactile and contact
chemical cues from the female's scales.

The typically arboreal habitat of lymantriids has
created formidable meteorological constraints to an organism
either flying or walking continuously upwind to a pheromone
source. Evoluticn of strategies to contend with the
vagaries of wind shifts in such a turbulent environment have
dictated maneuvers that allow males to recontact a lost
scent, or in the case of a landed male at close range, to
find a female in the absence of pheromone. It thus may be
that a male's ability to contend with these stochastic and
variable wind shifts is the limiting factor in an optimal
strategy of mate finding.
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LIFE TABLES OF THE LYMANTRIIDAE WITH
PARTICULAR REFERENCE TO LYMANTRIA

OBFUSCATA IN KASHMIR

N.J. Mills, CAB International Institute of Biological Control,
European Station, CH-2800 Delémont, Switzerland

INTRODUCTION

Our current understanding of the population dynamics of insects owes
much to the development of quantitative sampling methods and the
application of life tables to the study of numerical changes in insect
populations pioneered by Morris and Miller (1954). Life table data
provide a unique means of comparing the relative influence of mortality
factors in shaping the observed fluctuations in insect numbers. In this
paper I present an analysis of unpublished life table data on the Indian
gypsy moth, Lymantria obfuscata Walk., collected in the late 1960's by
the Indian Station of the CAB International Institute of Biological
Control during exploration for natural enemies for use against L.
dispar in North America (Rao 1972). The results are then considered in
relation to life table data for other lymantriid species, and
Lepidoptera in general, to assess whether certain population processes
are common to this group of pests or whether populations of each species
are influenced by unique factors.

L. obfuscata is a defoliator of poplars, willows and occassionally fruit
trees in northern India and has a life-cycle comparable to that of L.
dispar L. in Europe and North America (Roonwal 1977). Egg-masses are
laid on the trunks of the trees in late June/early July and overwinter
until hatching in early April. Dispersal occurs during the 1st larval
instar and, in general, all larval stages feed at night and seek out
shaded congregation sites during the day. Pupation occurs in June and
the emerging, flightless, adult females oviposit their complement of
eggs in a single egg-mass on the trunks of the host trees. Outbreaks
have been reported from India (Beeson 1941, Roonwal 1977) and may
persist for several years before collapsing.

METHODS

A11 life stages of L. obfuscata were sampled from selected trees at four
sites (Pampore, Pinglain, Athwajan and Zainakoot) in the region of

Srinigar in the Vale of Kashmir between 1968 and 1971. These sites were
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Table 1. An example of a typical life table for L. obfuscata on poplar
at Pinglain in 1969-1970.

Life stage Tx dxF dx k-value

Fotential eggs 49,734 Loss of fecundity 0 kpp 0.0

Expected eggs 49,734 Loss of oviposition 36,226 kgg 0.566

Cbserved eggs 13,508 Eclosion failure 3,454
Predation 88
Parasitoids 814
Unknown 2,456

Subtotal 6,812 kg 0.304
L4 6,656 Arthropod predation 113
Unknown 321

Subtotal 434 k9 0.029
Ly 6,262 Arthropod predation 274
Parasitoids 114
Unknown 274

Subtotal 602 k , 0.043
L3 5,660 Arthropod predation 69
Parasitoids 185
Unknown 198

Subtotal 452 k 3 0.036
L4 5,208 Arthropod predation 236
Parasitoids 318
Unknown 1 4141

Subtotal 1,750 ki 4 0.177
L5/6 3,458 Arthropod predation 117
Parasitoids 92
Diseese 514
Unknown 2,290

Subtotal 3,013 k5 0.890
Pupe 445 Emergence failure 50
Parasitoids 320
Unknown 34

Subtctal 404 kp 1.035

Adult 41 Sex ratio (447 fem.) 5 kg 0.056

K 3.140
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chosen as representative of localities where populations of L. obfuscata
were generally more abundant. A single poplar and a single sallow tree
were selected at each site so as to be on open ground with no nearby
hiding places for larvae. Because all larvae congregate in sheltered
resting sites on the trunk during the day, a total census of the number
and life stage of the insects on each experimental tree could be made by
examining individuals under strips of hessian cloth wrapped around
various sections of the trunks. These censuses were made at two day
intervals from before egg hatch until the end of adult emergence.

Parasitism and disease were estimated by rearing samples of 100 egg-
masses, 200 Tarvae of stages Ly, L3, Ly and L5/L6 and from 100 pupae
from each experimental tree. Preda%ion of eggs was assessed directly
from the sample of 100 egg-masses. Larval predation under the hessian
cloth, by arthropod predators, was measured at each sample interval from
the observed remains of predated individuals. Predation by vertebrate
predators was not estimated and is combined with other causes of
mortality such as dispersal in an "unknown" category.

This routine provided 4 consecutive sets of life tables for each of the
two host trees at each of the 4 localities. In the analysis of the life
table data, densities are expressed as numbers per tree and mortalities
are expressed as k-values, the difference in log densities before and
after the mortality. Regression analyses are used to identify key
factors and responses to population density (Southwood 1978).

RESULTS

An example of a typical generational life table for L. obfuscata is
presented in Table 1, indicating the life stages and mortality factors
examined. In addition, potential fecundity (the number of emerging
females times 614, the maximum number of eggs observed in an egg-mass),
expected fecundity (the number of emerging females times the mean number
of eggs in an egg-mass observed on each tree at each locality) and sex
ratio (the number of females ir relation to adult emergence) are
considered in the 1ife table. During the 4 year period of investigation
the mean number of egg-masses per experimental tree was 16,241 and
fluctuated between 3,120 and 38,051. Thus L. obfuscata populations
varied only 12 fold during the observation period but defoliated the
selected trees when Tarval densities were high.

A generalised linear ANOVA model, based on maximum likelihood estimation
and binomially distributed errors, was used to examine the effects of
host tree and locality on the mortalities recorded in the 8 sets of 1life
tables (2 host trees at each of the 4 localities). The resulting
deviances indicate that while both host tree and the interaction of host
tree and locality have no effect on mortality at any life stage (P> 0.05
in all cases), the locality had a significant influence on egg mortality
(0.01>P>0.001), mortality of Ls/6 (0.05>P > 0.01) and bias in sex
ratio (0.01 >P>0.001). Taking note of this, the 8 sets of life tables
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containing data over a 4 year period were combined to provide a more
powerful analysis of the stage specific mortalities of L. obfuscata.

Life Stage Analysis

An initial assessment of mortality in each life stage and its influence
in contributing to the general trend of population abuncance and
regulaticn of the population was made using regression analysis to
determine the key factors (Podoler and Rogers 1975) and mortalities
respondirg to population density (e.g. Southwood 1978). Mean stage
mortalities, expressed as k-values (Table 2), ranged from 0.02 (5%) for
1st inster larvae to 0.70 (807%) during the 5th and 6th instar. Thus
mortality from dispersal of young larvae was not extensive but generally
incrzased through the larval stages.

In a key faczor regression analysis, the regression coefficients of
individual stage mortalities in relation to the total generational
mortality (K) sum to unity and thus those with largest coefficients have
greater predictive power of trends in population abundance. The key
factors for L. obfuscata (Table 2) are kEF' the difference between the
number of adult females emerging and egg-masses oviposited, and kLS and
kp, the Tate larval and pupal mortalities.

A mortality factor that increases in intensity with population density
is density dependent and has the potential to regulate population
levels. This type of regulation of populations can be detected from a
logarithmic regression of population densities of successive life
stages. A regression coefficient significantly less than unity indicates
density dependent mortality. For L. obfuscata this analysis indicates
that kgp. the discrepency between adult female emergence and the number
of 2gg-measses oviposited, and kL5' late larval mortality, exhibit direct
density dependence.

Loss of oviposition, kep

The difference between the number of adult females emerging and egg-
masses oviposited (kEF) on the selected sample trees was not always
positive, with more egg-masses than females occurring on several
sampling occasions (Fig. 1). Nonetheless, in total the data do indicate
little correlation between adult female emergence per tree and the
number of egg-masses that are subsequently oviposited. This density
dependent key factor, then, is an example of a regulating factor for
which the data are highly variable (Southwood 1967) and the response to
populaticn density is 'vague' (Strong 1984).

Possible explanations for the observed but highly variable density
dependence are density related migration of the females, the production
of more than one egg-mass per female at lower densities or density
dependent mortality of females at higher densities by predation or
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Table 2. Key factor and density dependence analysis of the life stage
mortalities of Lymantria obfuscata. *** P < 0.001 for
departure from unity.

Mortality Mean Regression coefficients + s.e.
factor +s.d.
key factor density dependence
kpg 0.25+.22 -0.01+.05 1.11+.09
kep 0.15+.45 0.44+.07 0. 13+.10%**
kg 0.33+.17 -0.10+.04 0.95+.12
ki1 0.02+.01 0.01+.01 0.99+.01
ki 2 0.05+.04 0.03+.01 1.02+.02
ki3 0.06+.03 0.02+.01 1.02+.02
ki g 0.19+.01 0.06+.02 0.92+.06
ki s 0.70+.32 0.20+.07 0.28+.12%**
kp 0.43+.36 0.28+.07 1.03+.28
ksp 0.04+.14 0.07+.03 1.00+.06
K 2.23+.76 1.00

Table 3. Key factor and density dependence analysis of individual
mortality factors actirg on the L5/ and pupal stages of
Lymantria obfuscata. *** P< (0.001 for égparture from unity.

Life Mortality Mean Regression coefficients +s.e.

stage factor +s.d.

key factor density dependence
Ls/e  Unknown 0.53+.30 0.14+.07 0. 34+.12%**
Predation 0.02+.02  0.004+.005 1.01+.01
Disease 0.07+.05 0.04+.01 0.97+.03
Drino discreta 0.02+.02  0.005+.006 0.98+.01
Exorista rossica 0.06+.06 0.01+.01 0.98+.03
Subtotal 0.70+.32  0.20+.07 0.28+.12%**
Pupa  Unknown 0.08+.08 0.07+.01 1.03+.06
Failed emergence 0.08+.06 0.04+.01 1.02+.04
Brachymeria intermedia 0.07+.07 0.04+.02 0.99+.06
Monodontomerus aereus 0.07+.04  0.02+.01 0.97+.03
Pimpla spp. 0.04+.05 0.04+.01 1.03+.04
Theronia atalantae 0.07+.01  0.003+.003 0.98+.01
Exorista rossica 0.08+.11  0.07+.02 0.98+.01
Subtotal 0.43+.36 0.28+.07 1.03+.28
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Fig. 1. Density dependent loss of oviposition in L. obfuscata, showing
line of equaljty (thick) and regression line (thin) Y=a+bX, a=1.59+.30,
b=0.04+.14, r¢=0.004, P> 0.05. Egg-mass density is therefore constant.

Log lervae surviving unknown mortality
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Fig. 2. Dansity dependent 5th instar larval mortality of L. obfuscata
from unkrown factors. Data plotted by locality, (1) Pinglain, (2)
Pampore, (3) Athwajan and (4) Zainakoot, showing line of equality
(thick) ard regression lines Y=a+bX for localities 1+2 (a=0.44+.17,
b=0.73+.16, r°=0.59, P<0.001, solid line) and 3+4 (a=2.49+.22,
b=0.13+.15, r2=0.05, P< 0.001, dotted line).
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competition for suitable oviposition sites. While the first two
possibilities do not correspond well with the known biology of L.
obfuscata they are the sole explanations for more egg-masses than
emerging females other than poor census technique. In contrast,
predation of adults or competition for oviposition sites more readily
account for density dependent losses at higher densities and any
differences between the selected trees or between the resident
vertebrate predator populations in the various localities would add
considerably to the variance of the response to population density.
Since none of these factors were independently estimated, however,
further field observations are required to identify the causes of their
variable density dependent response.

Late larval, kLS' and pupal, kP' mortality

During the 5th and 6th instars and pupal period, L. obfuscata is killed
by a range of parasitoids, by arthropod predation (mainly spiders and
ants), by disease (nuclear polyhedrosis virus) and by additional unknown
mortality including vertebrate predation, starvation and larval
emigration. These Tife stages experience considerable mortality which is
both predictive of population change and density dependent in action
(Table 3). This breakdown of the complete stage k-values to those for
individual mortality factors clearly indicates that it is the unknown
losses of the larger larvae that is most significant. As with loss of
oviposition, these losses are not only key components for the prediction
of population change but are also density dependent. Late larval
mortality also varies significantly with locality due to a significantly
lower larval mortality at Pinglain and Pampore as compared to Athwajan
and Zainakoot (Fig. 2). The latter two localities are on marshy ground
and show a greater intensity of larval mortality in relation to larval
density.

The cause of these unknown losses is unclear but may be due to larval
starvation, emigration or vertebrate predation. If starvation was the
main factor, then the sex ratio of emerging adults would become more
biased towards males, which require less food to complete their
development, as larval density increases. However, there 1is no
correlation between the k-value for unknown losses of larger larvae and
the k-value for changes in sex ratio of emerging adults (r=0.09,
P> 0.05). Thus larval emigration or vertebrate predation would appear to
be the more probable cause of the density dependent losses. The lower
populations of small mammals supported by marshy habitats would suggest
that these predators are not responsible for the greater intensity of
predation but further experimental observations are required to more
adequately assess the true cause of this mortality.

A comparison of Tables 2 and 3 indicates that mortality of late larvae
and pupae due to the tachinid Exorista rossica is the most significant
mortality caused by a parasitoid. It is also of some significance as a
key factor for predicting population change but shows no response to the
densigy of large larvae, the life stage that is attacked (r=0.01, P
>0.5).
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DISCUSSION AND CONCLUSIONS

The within generation survivorship curve for L. obfuscata can be
compared to that of outbreak populations of Lymantria dispar and Orgyia
seudotsugata (McDunnough) (Fig. 3), the only other lymantviids for
which Tife table data are available. These three lymantriid pests have a
similar fecundity and mcrtality rate of eggs but significant differences
occur in the mortality rates of young larvae (L1_3). Eor 10z
seudotsugata the dramatic mortality rate at this stage, caused by viral
Eisease (Mason 1976) and larval dispersal (Mason et al. 1983), appears
to be a censity dependent key factor (Mason 1976, Mason and Overton
1983). This 2arly instar loss, hcwever, is not significant in the
Lymantria species, although losses in L. dispar (Campbell 1981) are
greater “han observed for L. obfuscata. Rates of mortality of larger
larvae are typically lower in outbreak populations of O. pseudotsugata
and appear to be independent of density (Mason 1976), aithough high
rates of parasitism have oeen observed in moderate populations (Dahlsten
et al. 1977). In contrast, mortality in the late larval stages of both
Lymantria species is high and evidently density dependent, due to viral
disease in L. dispar (Campbell 1981) and to vertabrate predation or
larval migration in L. obfuscata. Pupal and sex ratio losses in Q.
pseudotsugata and L. obfuscata are similar, while that of L. dispar is
greater, perhaps refiecting a greater incicence of viral disease and
vertebrate predation during the pupal stage and a stronger influence of
larval history on adult sex ratios (Campbell 1981).

Loge numbers surviving
6 —

\chcu
ot O. pseudotsugata «__ —~
o “-... L. dispar \
~ -
~ -

1r ~ S
O > \ ~

-1 ! 1 1 1 )
Eag L1-3 L4-6 Pupa Adult Female

Insect life stage

Fig. 3. Survival rate from egg to adult female of a single egg—mass
during the outbreak phase of three lymantriid populations.
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In summary, the lymantriid populations show similarity in their levels
of fecundity and the prominance of viral disease at high population
densities. Mortality from parasitism tends to be of greatest
significance in the pupal stage, although L. dispar differs in that it
does not suffer as much pupal mortality from parasitism by a macro-type
egg-laying tachinid, a feature that is quite characteristic of the
Lymantriidae (e.g. Mills and Schonoerg 1985). Vertebrate predation may
also have considerable influence on this group of forest insects.
Differences occur between 0. pseudotsugata and the Lymantria species in
the significance of mortality frowr young larval dispersal and the life
stages at which there is density dependent regulation and a significant
impact of viral disease. While no life table data exist for Lymantria
monacha (L.) and QOrgyia antiqua (L.) in Europe, these species also
appear to fit the general characteristics of their respective genera
(Mi1ls, unpublished observations).

In comparison to other Lepidoptera, the lymantriid populations also show
certain similarities. Dempster (1983) reviewed life table data for a
range of 14 lepidopteran species and noted that vertebrate predation of
larger larvae and dupae and loss of fecundity through dispersal,
variation in fecundity and adult mortality are the two most frequent key
factors. The lymantriid life tables suggest the same key factors,
accepting that lymantriid dispersal occurs in the young larval instars
rather than the adult stage. However, the adoption of the early instars
as the dispersive life stage may confer advantages in the relative
resistance of these larvae to lack of synchronisation between bud burst
and egg hatch. The Lymantria species show minimal losses at this stage
which is often the key factor for non-dispersive Lepidoptera. Density
relationships are often difficult to determine from life table data
(e.g. Hassell, 1985) and Dempster (1983) found no consistent patterns
for the lepidopteran life tables that he reviewed. However, he
suggested that reduced fecundity and dispersal resulting from food
shortage are the most prominent causes of density regulation and these
factors also appear to be important in the Lymantriidae.

Lymantriid populations tend to exhibit cyclical trends in population
fluctuations. Cyclical behaviour can result from time delayed density
dependent mortality such as may occur through an increase in natural
enemy populations (Anderson and May 1980, Berryman 1986) or of host
plant defenses (Fischlin and Baltensweiler 1979). To determine these
time delayed effects it is necessary to compare the relative rates of
population increase in relation tc current and previous year population
densities (Royama 1977, Berryman 1986). This requires a long enough
series of population estimates and was not possible for the 4 year data
set of L. obfuscata. However, Montgomery and Wallner (1988) have
demonstrated this effect for a Yugoslavian population of L. dispar and
Berryman (1978) has produced a model to show that a one-year time delay
in density dependence could predict the population cycles seen in 0.
pseudotsugata. The biotic factors that are responsible for the delayed
density dependence remain untested and while natural enemies, including
viruses, are perhaps the most obvious candidates for a one year delayed
action, larval starvation and induced host tree defenses may also be
involved, particularly in the case of 0. pseudotsugata.
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While 1ife tables developed during population outbreaks provide a very
useful neans of describing the stage specific survivorship of insect
populat-ons, experimental manipulations are essential to test hypotheses
generatad from such investigations. The cause and effect nature of
various mortality factors can only be adequately assessed by
menipulatior of population densities either of the selected insect or of
its biotic mortality factors. While some effort has been made to do this
with the Lymantriidae (Furuta 1982, Maksimovic and Sivcev 1987, Mills et
al. 1985, Weseloh 1982 for L. dispar and Mason and Torgersen 1983 for O.

gseudotsugata}z this group of forest pests cffers the greatest potential
cr ease of such experimental treatments and could be profitably
exploited in the development of more effective management of these pest
species.

SUMMARY

An analysis of life table data collected for Lymantria obfuscata in
Kashmir between 1968 and 1971 is presented. his analysis indicates
that loss of oviposition and late larval mortality are the key factors
determiring changes in population abundance and that these mortalities
also respond to population density. A comparative analysis of life
tatle deta from three lymantriid species suggests that their populations
exhibit common features such as level of fecundity and the influence of
viral epizootics, late larval parasitism and vertebrate precation. In
contrast, Orgyia pseudotsucata differs from the Lymantria species in the
dramatic losses occurring during the young larval instars. The cyclical
nature cf numerical changes in lymantriid populations is considered and
the need for an experimental epproach to population studies s
emphasised.
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INTRODUCTION

Among the almost 2000 species of Lymantriidae, only a dozen or so
are known to cause serious damage to plants in man-made or natural
ecosystems to a degree that growers are concerned or the scientific
community interested. Even these species remain below noticeable
levels most of the time and such periods are termed latency periods,
innocuous levels or low density periods. In the term latency is
included the special characteristic of the species viz the ability at
certain times to increase the population density rather steeply.

Thus, the most fascinating characteristic of these species is the
ability to switch suddenly from low level density to high level
density. However, most studies on these species have been performed at
times when population levels are either close to outbreak
(progradation), at outbreak levels (culmination) or on the decline
(postgradation). In the past, very few studies have dealt with latency
populations but, recently, several long term studies have been
conducted.

In the present review an attempt is made to describe the
characteristics pertaining to latency populations and to identify
possible mechanisms that might operate when populations change from low
density to high density levels. Data are mainly drawn from latency
studies but occasionally only progradation data are available. The
term 'characteristics' refers to a fan of quantitative and qualitative
parameters, directly or indirectly influencing the population dynamics
of a species. More specifically, we search for those characteristics
that influence any of the parameters: initial population density,
natality, mortality, immigration or emigration during the latency
period.

Species

Lymantriids occur in the 01d World and in the New World; in
temperate regions and in the tropics. In Europe, a dozen species are
of some economical importance, however only two are considered major
pests (Lymantria dispar and Lymantria monacha), Similarly, in North
America two species, Lymantria dispar and Orgyia pseudotsugata, are
major pests, whereas in the tropical areas no species are major pests
but several are minor pests. In the present context, it must be
emphasized that although many species are of economical importance,
almost all we know for most of them are characteristics that can be




156

attributed to outbreak situations. Not surprisingly, this is mainly
the case when species from developing countries are considered.
Generally, solid information about characteristics of latency
populations is lacking and only in L. dispar, L. monacha and O.
pseudotsugata can bits and pieces be gathered.

INITIAL POPULATION DENSITY

It is obviously a tautology that the main characteristic of a
latency population is that the population density of the species is
low, but unfortunately the parameter is rarely measured due to sampling
problems. Such problems arise when the density is extremely low and
lymantriid latency densities sometimes reach very low numbers.

In the various lymantriid species densities are estimated by
different means (Mason, 1988; Kolodny-Hirsch, 1986). In L. dispar the
most common method is to count egg masses and eggs per hectare; in O
pseudotsugata egg masses or larvae are counted per foliated branch
area, ard in L. monacha the number of adult females per tree is the
most comaonly used method.

In the three species the latency level varies considerably
according to the literature. In L. dispar, egg mass numbers vary from
1 to 10C per hectare and 2-25, 000 fourth instar larvae/ha (Campbell,
1981b), and figures as low as 39 larvae per 120 ha have been recorded
(Sisojevic, 1960). In 0. pseudotsugata less than 1 larva/645Z sq cm of
foliated branch is defined as latency levels (Williams et al., 1979),
and figures “rom 0.01 to 2 larva/6452 sq cm are recorded (Mascn, 1974;
Mason & Luck, 1978; Dahlsten et al., 1985). The Arctic lymantriids
Gynaephora rossii and G. groenlandica which never have been recorded as
outbreak species reach pupal densities of 1-100/ha (Kukal & Kevan,

1987; Jensen & Maclean, unpubl.) In L. monacha the number of imagoes
range from 0.04 to 190/ha (Wellenstein, 1952*_Jensen & Nielsen, 1984)
and the number of larvae from O to 4500/ha (Tinbergen, 1960; Jensen,
1985). Thus, latency density is a rather broadly defined term.

If we imagine socalled releasing factors suddenly acting on such
different latency population densities, it is likely that only in the
case of very high latency densities the final population might reach
outbreak levels, otherwise it will not (e.g. Mason & Overton, 1983).

If latency populations subjected to favourable releasing factors do not
reach outbreak levels they will probably, due to density-dependent
processes, return to a low-density stable equilibrium, whereas if they
reach outbreak levels they will either attain a high-density
equilibrium or the population will return to a low-density equilibrium,
depending on the outbreak type (Berryman, et al., 1987).

Conversely, low and high initial populatlon densities might lead
to the same outbreak level if mortality rates or fertility rat=s are
density-deperdently regulated even at latency levels (Jensen, 1985).

Site characteristics

Outhreaks of, e.g. L. monacha, 0. pseudotsugata and European
populations cf L. dispar, often occur at the same locations (foci) at
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years intervals (e.g. Wellenstein & Schwenke, 1978; Sliwa & Sierpinski,
1986). Such outbreak patterns could be established if multiplication
factors were site specific, e.g., low mortality at certain sites under
certain conditions, or if high latency population levels were related
to site characteristics and influenced by the same amount of mortality
release.

In L. monacha, evidence from pheromone traps and frass drop traps
have revealed that during an outbreak the general population level was
also high outside the outbreak areas, supporting the latter argument
(Jensen, et al., 1981). However, this merely leads to another, yet
unanswered question: Why, then, are the latency population levels
consistently higher at particular sites?

Site characteristics have been described for a large number of
lymantriid outbreaks. In a few species, certain common denominators
seem to exist. L. monacha outbreaks occur mainly on poor sandy soils
of fluvial or marine deposits and outbreaks are rarely met on the
better soils although preferred host plants are also found in such
sites (Wellenstein, 1942; Bejer, 1985). European populations of L.
dispar also seem to perform outbreaks mainly on the poorer soils. In
North America, old populations in the Northeast also seem to be
adopting a similar pattern (Houston & Valentine, 1977). 1In O.
pseudotsugata detailed analysis of a large number of outbreak sites
have shown that foci could be characterised as multistoried older fir
stands on poorer soil, ridge tops or upper slopes (Stoszek et al.,

1981).

Weather

Climatic release mechanisms to explain widespread periodic
outbreaks have been suggested for several lymantriid species. These
climatic events are often coupled with site characteristics. However,
hypotheses of forest insect outbreaks that involve climatic factors are
difficult to test (Martinat 1987) and monthly weather summaries might
be quite inadequate to describe real influencial weather parameters.

Despite these arguments certain characteristics seem to be of
general importance in some lymantriids. In L. monacha most major
outbreaks have been preceded by several dry, warm summers; in the same
years, springs have been rather cool (Bejer, 1985; Jensen, 1985). In
the European populations of L. dispar Benkewich (1962) found the same
characteristics. Outbreaks of Dasychira pudibunda and Orgyia antigua
might follow the same pattern although information here is more
circumstantial (Sylven, 1943; Konig, 1954; Pinder & Hayes, 1986).

In 0. pseudotsugata, Watt (1968) found that the insect's abundance
correlated with mean monthly temperatures in July-August, and Galluci
et al. (unpubl., cited in Mason & Luck, 1978) suggested that outbreaks
may be associated with warmer than average spring temperatures.
However, studies using dendochronology (Brubaker, unpubl., cited in
Mason & Luck, 1978) showed no relation between outbreaks and drought.
This is not unexpected as 0. pseudotsugata exhibits cyclical gradient
outbreaks where climatic triggering would be unlikely, whereas the
other species exhibit eruptive outbreaks (Berryman, 1987).
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DISPERSAL AND MIGRATION

Generally, emigration and immigration are overlooked parameters in
the population dynamics of insects as they are extremely difficult to
quantify on a population basis. In lymantriids, dispersal processes
have received increasing interest mainly due to the expansion of the
gypsy moth infested areas in North America.

In most insects, the dispersal unit is the same imago; however, in
many lymantriids, if not all, it is characteristic that the most
important dispersal units are the first and second instar larvae as
these larvae possess long, buoyant setae and are able to spin silken
threads which can be caught by the wind even at moderate velocities.
Dispersal distances of larvae are still a matter of controversy; no
doubt most larvae only disperse very short distances, e.g., from one
tree to its neighbour, and although repeated dispersal occurs the
overall picture is that of dispersal within 1-2 km (Lance et al., 1986;
Lance & Barbosa, 1979). If very special topographic conditions are
present, e.g., in very turbulent terrain, long-range dispersal of up to
19 km can be found (Taylor & Reling, 1986).

Betwieen-tree dispersal might constitute an important
characteristic in certain lymantriids as it is a means of
redistribution if the synchrony between budburst and egg hatching is
not perfect. In Norway spruce (Picea abies) there is considerable
variation in the time of budburst, and dispersal of newly-hatched L.
monacha larvae occurs from late bursting trees. Similarly, early-
hatched l.. monacha larvae might, in certain years, find trees with
flowering buds, which burst 2-3 weeks earlier than the vegetative buds
(Mors, 1942). As these male flowers are of excellent food quality
(Jensen, 1985) they might even increase larval survival and,
subsequently, female fecundity.

Certain aspects of dispersal seem to be density dependent (Lance
et al., 1986), however, Capinera & Barbosa (1976) found that each L.
dispar larva makes at least one dispersal movement irrespective of
population densities. Therefore, we would always expect a
redistribution of the larval population and even if it would be
expected that such dispersal normally would lead to a less contagious
distribution, under cetain conditions local higher densities could
build up. Such phenomena have probably occurred in L. dispar
influenced by the Atlantic "sea breeze" which concentrates larval
depositien in a band ca. 10-20 km inland. Another example includes the
Pennsylvania "ridge and valley" systems where larvae are deposited in a
band just short of the opposite ridge (Cameron et al., 1979).

Latency populations of L. dispar show a characteristic
short-distance dispersal, viz the diel movements of older larvae from
resting places in litter or under bark flaps and into the feeding
places in the canopy (Campbell & Sloan, 1977b). During outbreaks, this
behaviour disappears and larvae stay in the canopy (Lance & Barbosa,
1982).

In contrast to larval dispersal, imagoe dispersal is rarely
encountered in lymantraiids and for obvious reasons not in the
flightless Orgyia females. Similarly, L. dispar females, although
winged, ¢éo not seem to disperse at all. In L. monacha, females often

disperse after laying only a part of their egg-load, but normally only
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short distances. Sometimes, however, L. monacha herds are formed and

these herds can migrate several hundreds of km, i.e., across the Baltic
Ocean from Poland to Denmark (Kaaber, 1982). Early 19th Century German
reports speculated that L. monacha outbreaks could actually start from

such herds (Wellenstein & Schwenke, 1978).

LIFE STAGE MORTALITY IN LATENCY POPULATIONS
Egg Mortality

Generally, lymantriids deposit their eggs in large batches some of
which are rather visible on the surface of the female cocoon (0.
antiqua, O. pseudotsugata, G. rossii), while others are hidden under
bark flaps and twigs (L. monacha) or under a female excretion (L.
dispar). Interestingly, in the four most serious defoliators QOrgxia
and Lymantria species), eggs overwinter with a diapausing first instar
larva inside, whereas in most other lymantriids, at least in Europe,
the overwintering stage is either larvae or pupae. Lymantriid eggs
seem to be rather cold-resistant and winter mortality due to low
temperatures is minimal.

Depsite the long time eggs are subjected to diseases, predators,
and parasite attack, Wellenstein (1942) found that L. monacha egg
mortality in the progradation phase was very low. Egg parasites are
not known, unfertile eggs make up only 0.5%, arthropod egg predation
0.6%, and unknown deaths merely 3.9%. In this investigation, bird
predation was not assessed. Later, Wellenstein (1973, 1974) found that
in pine forests birds decimated egg numbers in latency populations up
to 34% and in spruce stands 16-25%.

In L. dispar, egg parasites are present but the percentage of
infested eggs is very low during latency. For example, Rynkin (1957)
found rates of merely 1.3-1.9%.

Generally, Orgyia species show higher egg parasite infestation
during latency or progradation. Skatulla (1974) and Wellenstein &
Fabritius (1973) described egg parasitism of around 25% in Q. antiqua,
and Dahlsten et al. (1977, 1985) egg parasitism of 17-40% in O.
pseudotsugata. Inthe latter investigation, egg predation made up
5.1-6.0% and unknown death causes 6.0-34.8%. In a thinned stand, egg
masses were particularly heavily parasitized, averaging 61.9% in
contrast to 48.9% in an unthinned stand (Wickman & Torgersen, 1987).
Predation rate was approximately one-third higher in the thinned stand.

Host-Induced Larval Mortality

As stated above, the most important lymantriid defoliators
overwinter as eggs, thus avoiding mortality factors acting on larvae or
pupae for such an extended period as autumn-spring. Instead, they
spend their whole larval period in late spring-early summer and the
pupae period in mid-summer. An advantage of such a strategy is the
presence of high-quality food; i.e., high water, nitrogen and
carbohydrate and low tannin concentrations. A main disadvantage is the
problems associated with synchronisation between egg hatch and budburst
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as starving larvae only survive 5-7 days depending on temperature
(Beckwith, 1983).

The phenological synchronisation between plant and defoliator has
been little studied in lymantriids but is well documented in other
major lepidopteran defoliators; e.g., the winter moth (Operophtera
brumata). In L. monacha, newly hatched larvae confined to branches of
different phenological stages suffered severe mortality in the first
two instars on late-bursting trees, 37.1% vs 5.8% on early-bursting
trees (Mitcherlich & Wellenstein, 1942). However, the effect of bud
break on larval mortality may be blurred by larval between-tree
dispersal and, in certain years, the presence of flowering buds, which
in Norway spruce are associated with late-bursting trees (Mors, 1942).

The high mortality rate of early instar L. monacha can probably be
related to the inability of young larvae to chew the hard old spruce
needles. Similarly, in pines (Pinus silvestris, P. mugo) larval
mortality, when confined on old needles, is 93-95% (Jensen, 1985). As
young pine shoots develop much later than the eggs hatch and are
heavily protected chemically the only chance of reasonable survival is
to find branches that carry male inflorescenses (Jensen, 1985).

In 0. pseudotsugata the only acceptable food for newly-hatched
larvae on fir is current year's foliage freshly flushed from elongating
shoots (Beckwith, 1976). The phenologies of both host and insect are
primarily determined by accumulated spring temperatures and are
apparently synchronous (Wickman & Torgersen, 1987).

Even in broadleaved trees, phenological synchrony seems
important. By confining newly-hatched L. dispar larvae on leaves at
different times, Hough & Pimentel (1978) showed that on one-month-o0ld
leaves 95-100% mortality occurred on all diets except white oak and in
the few survivors fecundity dropped to ca. half its value on young
leaves. Faupp et al. (1988) found significantly higher mortality in
later hatched larvae on maple and hickory and in beech even a one week
delay decreased survival from 78% to O%.

Another black box at present is the effect of variable food
quality on the growth and survival of early instar larvae. Current
ecological theory states that the chemical composition of the leaves or
needlss (nutrients, secondary compounds, water) could be profoundly
chang=d due to soil nutrients, soil moisture or air temperature, for
example, znd taat this in turn would influence herbivore performance
(see chapters in Denno & McClure, 1983).

Few studies quantify lymantriid performance parameters in such
variable circumstances. Merker (1960) reported that the mortality of
L. dispar larvae increased after fertilisation and, similarly in field
and laboretory raised L. monacha, Jensen et al. (1981) found that early
instar mortality increased 8-15% on fertilised plots.

Unfortunately, no experimental data are available for larvae
raised on trees subjected to severe drought stress. Wallner & Walton
(1979) found longer development time and increased larval-adult
mortality when L. dispar larvae were reared on previously defoliated
oak and birch trees.

Predation, Disease and Parasitism
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In comparison with host-induced larval mortality, the mortality
due to predation seems to be of considerably higher magnitude in most
lymantriids. In O. pseudotsugata and L. dispar several studies on
stocked and caged larvae have revealed that losses of larvae constitute
a major factor in the generation mortality of the species at low
densities (e.g. Mason et al., 1983), or postgradation the major
mortality factors are often diseases and parasitic dipterans and
hymenopterans which, during latency, play a minor role in regulatory
processes (Vezina & Peterman, 1985).

Disappearance of larval of course can be due to a number of
factors; e.g., arthropod or vertebrate predation, or non-replaced
dispersal. In L. dispar, it has been suggested for a long time that
bird predation probably played the most important role in maintaining
the populations at latency levels (Turcek, 1950). Similar proposals
were made by Wellenstein (1942) in L. monacha. Later experimentation
studies have largely supported these views; e.g., in L. dispar
(Semevsky, 1973; Furuta, 1982; Campbell & Sloan, 1977a, b), and in L.
monacha (Wellenstein, 1973; 1974).

In 0. pseudotsugata, Mason & Torgersen (1983) found that actual or
suspected predation accounted for 47.2% and dispersal for U40.5% of the
total loss. Disappearance of early larvae was attributed primarily to
predation by spiders and insects while disappearance of late larvae was
suspected to be due mostly to bird predation. The loss rate/day of
larvae was correlated with the number of high-potential bird predators
and bird density accounted for 78% of the variation in larval loss
rate; the highest losses occurred in larvae stage 4-5 (Torgersen et
al., 1984).

The three major lymantriid pests are flush feeders and overwinter
as eggs. In contrast, other lymantriids overwinter as larvae.
Unfortunately, we know little about survival of these instars nor do we
know much about survival or fecundity of those individuals feeding and
pupating in the following spring. Winter mortality of Euproctis
chrysorrhoea, however, are known to be very high due to bird predation
(Auersch, 1955).

Pupal Mortality

Late larval instar mortality and pupal mortality during latency
seem to be influenced by much the same factor; i.e., vertebrate
predation. Only in medium increasing populations are invertebrate
predators (Weseloh, 1985) or parasitoids of greater influence. This
characteristic might, in part, be attributed to the large size of
lymantriid late instar larvae and pupae.

Generally, pupal mortality in latency is not as high as late
instar mortality. Torgersen et al. (1983) found in 0. pseudotsugata
that 13-47% of latency population pupae were eaten by predators, mainly
by birds, but also by Camponotus ants. In this study, a negative
correlation between pupal density and pupal mortality was described.

In L. monacha, Wellenstein (1973, 1974) found mortality rates of
48-67%, also mainly due to bird predation.

In contrast, bird predation on L. dispar pupae does not seem to be
as important as small mammal predation. Peromyscus species seem
capable of a 47% contribution to total killing power during the



generation and a 60% contribution during the interval from instar 5 to

adults (Campbell & Torgersen, 1983). Mammal predation on insects is a

rather infrequent phenomenon but in the present case, the reason behind
it can t= sought in the sheltered pupation sites in the litter or under
bark flaps on the tree trunk (Campbell, 1978; Campbell & Sloan, 1977a,

b).

Mortality of Imagoes

Evidently, the ultimate mortality of imagoes is 100%. More
interestingly in connection with adult mortality is the mortality of
females before the whole egg load has been deposited. Mills (1988)
found in stocked but high density populations of Lymantria obfuscata
that the discrepancy between the number of females emerging and egg
masses cviposited was a key factor. In Mill's study, there was a
significant but very variable density dependence perhaps due to density
related migration of females or density dependent mortality of females
through vertebrate predation.

Such studies on adult female mortality is unfortunatley rarely
accomplished. Although Mill's study showed clear densisty dependency,
density independent factors especially catastrophic weather conditions
in the flight period might be equally important.

LATENCY FECUNDITY

Density-dependency

Most lymantriid species show dramatic changes in fecundity rate
during the progression of an outbreak; often to such a degree that
these parameters can be used to characterise the state of the outbreak
and to predict population changes the following year (Schonherr,
1988). Ther= seems to be clear inverse density dependent changes in
fertility; in L. dispar, Campbell (1978) found that 71% of the
variation in log(fertility) was due to variation in log(larval
density). Other factors include food quality, available food biomass
and stand composition.

However, although we know that these differences between
progradation and outbreak populations exist, we know very little about
differences in fertility rates between latency and progradation
populations. What we do know seems to indicate that these differences
are rather small and probably not sufficiently large to explain the
release of an outbreak. Thus, fecundity rates in laboratory-reared L.
dispar are gznerally in accordance with figures from progradation
populations and much higher than fecundity rates of outbreak or
postgradation populations. In L. monacha, pupal weights, which are
closely correlated with fecundity rates, are rather similar in
laboratory experiments and in progradation populations.
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Sex Ratio

Sex ratios also change markedly through the outbreak phases from
slightly female dominated to male-biased (Mauffette & Jobin, 1985).
Generally, the sex ratios found in progradation, e.g., male:female
ratios of 1:1.17 in 0. antiqua, 1:0.65 in 0. pseudotsugata, 1:1.27 in
L. monacha, are similar to those found in latency populations
(Skatulla, 1974; Dahlsten et al., 1985; Mors, 1942). Zwolfer (1935)
found that the sex ratio of L. monacha was highly influenced by
temperature during the larval period and the female percentage would
change from 20 to 80 in the interval 12-26° C. In certain years, L.
monacha female ratios of 0.8 have been recorded very early in outbreaks
(Fischer, 1942). Dahlsten et al. (1985) in one locality also observed
a ratio of 1:3.3. Thus, it is not unlikely that extremely
female-biased sex ratios could exist in certain latency years,
indicating very good survival of female larvae that particular year.
Maybe such events could be important at the start of the release period
(Campbell, 1981).

Number of Generations

A rather specific, but certainly very important source of
increased fertility is the presence of a second generation. In the
more important lymantriids no reports about second generations have
been published; however, in the vapourer moth (O. antigua)l second
generations have been observed in connection with outbreaks (Peterson,
1960; Wellenstein & Fabritius, 1973; Skatulla, 1974). In this species,
second generations normally occur in more southern latituades while
only one generation normally is found in more northern latitudes.
However, in the latter areas in summers with a long warm and dry
period, a second generation may be found and lead to the start of an
outbreak. It is unlikely that a second generation will be found in
pure coniferous stands as the newly hatched larvae are unable to feed
on old conifer needles, but in mixed forests and pure deciduous
forests, larvae should be able to develop even in autumn (Skatulla,
1974). It is worth mentioning that a bivoltine L. disparn race should
be present in Kaukasus.

Host Plant Relations

It seems to be a general trait that lymantriid larvae are highly
polyphagous, and this includes the more than 2000 species that are not
known to cause severe defoliations; i.e., are kept at a stable latency
population level. In the more serious defoliators there seems to be a
tendency that a larger number of plant species are consumed in the
cause of an outbreak, probably related to increased density-dependent
dispersal and starvation.

It is often observed that larvae may thrive on a non-preferred
diet and that healthy adults develop although pupae are smaller and,
subsequently, fecundity is lower. Laboratory tests even show that L.
dispar which were first fed on a preferred deciduous tree diet and from
the third instar on a nonpreferred conifer diet normally causing 100%



mortality, obtained 40% higher female pupal weights than individuals
fed only on the preferred deciduous tree diet (Barbosa et al., 1986).
The distribution of L. dispar among various tree species in a mixed
wood actually changed markedly during the season (Barbosa, 1978)
indicating that a change of diet could be a common phenomenon.

Previous host plant defoliation may also affect adult fecundity in
the next generation. In L. dispar, repeated defoliation produced
lighter females when larvae were reared on black oaks growing in a dry
site, whereas no effect could be traced on gray birch growing in a
mesic site (Valentine et al., 1983). In this study, pupal weights were
directly related to the concentrations of total free.sugars in the
foliage. Unfortunately, very little is known about the long-term
effect of defoliation on subsequent generations and hence the "induced
response” effect (Haukioja & Neuvonen, 1987) is scarcely investigated
in lymantriids.

RELEASE OF LATENCY POPULATIONS

In the preceeding parts, the variability of different latency
characteristics are described. In the following section, the main
focus will be devoted to the quastion of whether changes in any of
these characteristics could lead to a "release" of the latency
populations and, subsequently, to an outbreak.

First, however, it seems n2cessary to make a distinction between
the Douglas fir tussock moth, O. pseudotsugata, and the Lymantria
species, in as much as it makes rather little sense to talk about
"release” in an apparently cyclic species like 0. pseudotsugata.
However, it has not been documented that all 0. pseudotsugata
populations are cyclic and for noncyclic species the concept of
"release” might still be valid.

The change in population density from one generation to the next
might, inr: the release phase (progradation), be quite substantial. In
L. monacha, early forestry reports warned that the moth density could
change "from one in ten trees to ten in one tree" over one generation;
i.e., a hundred-fold increase. More precise counts made by
Wellensstein (1942) demonstrated year-to-year increases of up to 28
times the numbers in the previous year. Similarly, in the release
phase of 0. pseudotsugata, populaticns increased almost 10-fold per
year (Mason & Luck, 1978). Yearly changes in stable L. dispar
populaticns often amount to 10-100 fold (Campbell, 1981).

These dramatic changes lead us to a search for release factors
that can produce such results. It is tempting to suggest that minor
decreases in the key mortality factors, i.e., decreased bird predation,
will lead to release conditions, whereas changes in rather
insignificant mortality factors necessarily will have to be of
relatively high magnitude.

We must, unfortunately, consider such simplistic reasoning
unrealistic, in the light of a bewildering array of density-dependent
and density-independent factors acting early or late in the life cycle
of the lymantriids. Accordingly, although now we have insight into
some of the key mortality factors, we know very little about if, when,
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why and how much these factors vary in latency periods, or whether they
interact compensatorily (Campbell & Torgersen, 1983). Until we obtain
such knowledge, by careful observations and experimentations, it is
impossible to identify the release factor(s).

SUMMARY

Latency populations of lymantriids are characterised by low but
variable population densities; the high density areas being most at
risk if the populaticns over larger areas enter the release phase.
Compared with outbreak populations, fecundity rates are high during
latency. Mortality rates at all life stages seem mainly to be due to
vertebrates. The major pest species overwinter as eggs and the
precision of synchronisation between egg hatch and bud burst might vary
during the latency phase. Between-tree and between-stand dispersal of
first instar larvae is an important lymantriid characteristic and
occurs even in the latency phase.
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OUTBREAK CHARACTERTISTTIES

OF LYMANTRITIDS

Joachim Schénherr, Forstzoologisches Institut,
Albert-Ludwigs-Universitdt Freiburg, Bertoldstr. 17,
D-7800 Freiburg i.Br.

INTRODUCTION

The Lymantriids, known as Tussock moths, are a small
family of very destructive defoliators., They feed on coni-
fers as well as broad-leaved trees (FURNISS and CAROLIN,
1977). The species shown in Table 1 have reached high
economic importance.

Lymantriids normally occur in low densities in the
forests., Sometimes, however, their number increases ra-
pidly to extremely high population densities and they then
cause immense damage to the forests. Heavy outbreaks happen
only within the climatic optimum of the effective distri-
bution of each insect species (CRAMER, 1962). Regions
where mass reproduction of a species occurs in frequent
intervals are called ''gradation areas'",

The variation in the population density from genera-
tion to generation is a result of interrelation between
procreative power and detrimental influence of the en-
vironment. Procreative power is represented by the sex
ratio (percentage of females) and number of eggs per
female, Environmental resistance is the influence of cli-
mate (weather, temperature), food supply and natural
enemies,

In this report I shall give a survey of the general
concept of the population dynamics of the Lymantriids and
investigate the causes of their outbreaks. Emphasis will
be placed on the nun moth, Lymantria monacha L., which is
the most important forest defoliator in Central-Europe.

PRINCIPLES of POPULATION DYNAMICS of LYMANTRIIDS

The population density of all Tussock moth species
depends on endogenous and exogenous factors. Examples of
endogenous factors are species specific constitution of
the individuals, egg number per female, sex ratio, flight



Table 1: Lymantriids of economical importance

Genera Species common name Distribution
Lymantria (Porthetria) monacha Nun moth Europe/Asia
1y dispar Gypsy moth Europe/N-America

Orgyia

Dasychira (Parorgyia)

"

Leucoma (Stilpnotia)

Euproctis

recens (=antiqua)
pseudotsugata
leucostigma
vetusta

pudipunda
grisetfacta

salicis

chrysorrhoea

Rusty tussock moth
Douglas fir tussock moth
Whitemarked tussock moth
Western tussock moth

Buchenrotschwanz
Pine tussock moth

Satin moth

Brown-tail moth

Europe/N-America

N-America

Europe
N-America

Europe/N-America

Europe

LT
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behaviour, Exogenous factors are weather conditions (tem-
perature, moisture, wind) food quality, predators, para-
sites, pathogens, inter- and intraspecific competition.
Thus environment influences the reproduction, survival
and movement of individual organisms, Favourable environ-
ments provide plentiful food of good quality, a low rate
of mortality and good conditions for mating and fertility
of the females., As a consequence insect populations in-
crease., On the other hand bad environmental conditions
delay or decrease population growth.,

The simplist explaination of how a population of in-
sects changes from year to year is that density is the
result of birth, death and movement.

BERRYMAN (1986) formulates this as follows:

Populationg birth death immigration __ emigration
change rate — rate T rate rate

Population density increases when individual births
and immigrations exceed the loss owing to death and emi-
gration, declines when births and immigrations are smaller
than deaths and emigrations, and remains unchanged when
births and immigrations are equal to deaths and emigrations.
The forces affecting birth, death and emigration rate
change from time to time and from place to place (BERRYMAN,
1986).

The Lymantriids belong to those forest insects which
remain at very low density for long periods of time, but
then suddenly explode to extremely high densities and
spread over large areas causing severe damage to the
forests and immense economical losses.

Outbreaks of the Lymantriids show characteristic
phases: In Europe we use the terms latency, progradation,
culmination and retrogradation to describe the phases of
a gradation, These terms correspond to the American terms
innocuous, increase, outbreak (including collapse) and
postoutbreak phases (MONTGOMERY and WALLNER, | press.).

Outbreaks of the Lymantriids show following phases
(Fig., 1). After many years at low density, endemic levels,
the population increases and reaches outbreak thresholds
in a short time. The nun moth population, for instance,
reaches epidemic level after 2-3 years, At outbreak levels
crowding and malnutrition of the individuals causes the
birth rate of the pest population to decline while death
rates rise. As a consequence of starvation and lower food
quality caused by defoliation and increase of mortality
by density-dependent factors (e.g. natural enemies), the
population rapidly collapses to its endemic equilibrium
again, Outbreaks of all Lymantriid species show the same
general sequence., There are however differences owing to
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population
densiiv

Qutbreak_phases.of
Lymantriid species

1 3 — years
Lollans Latency

species specific conditions (e.g. fertility) and differen-
ces in response to density-independent factors, such as
site characteristics (elevation, aspect, slope) and weather
(wind, temperature, precipitation) and biotic factors

(food supply). (SCHWERDTFEGER, 1963 and 1981 ; MORS, 1942).

DENSITY-DEPENDENT and INDEPENDENT FACTORS

Fertility

The fertility or procreative power of an insect popu-
lation is a function of

- female rate and
- number of eggs per female

The female rate (percentage of females of a population)
is not constant within Lymantriids. At the beginning of an
outbreak (progradation), the percentage of females is much
higher than 50 %; in the course of time the female rate
diminishes and the sex ratio changes in favour of the male
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rate. The female's egg number also diminishes during an
outbreak and furthermore the mortality of the pest popula-
tion rises (Tab. 2).

Table 2: Investigations of pupae of Lymantria monacha
(WELLENSTEIN, 1942)

Year of Mortality Female rate Average number
gradation of eggs (per female)
st

17" year 5% 60 - 70 % 220

2hd 10 - 20 % 50 - 60 % 150

378 50 - 80 % 20 - 40 % 80

4t 100 % 0 -

The product of female rate and average egg number is
an indicator (index) for the procreative power; for
example:

st
for the 1°° year * for the 39 year

F = 0,65 x 220 = 143 F=0,3x80=24

This shows that in the third year of a nun moth out-
break reproduction is 6 times lower and a mortality is
13 times higher than in the first year. This illustrates
the extent that fertility of a pest population decreases
during the progress of an outbreak.

Mortality

The mortality is influenced by different factors and
variable from time to time and from place to place. Ferti-
lity and mortality together yield the population density
at a certain time and place and this is influenced by se-
veral "abundance-dynamical factors', namely:

- constitution

- food supply

- abiotic influences of environment (e.g. weather)

- biotic environmental factors (antagonists)
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Constitution

The constitution of insects depends on the local cir-
cumstances of nourishment and development of the indivi-
dual organisms, Consequently the constitution of an insect
population can change., Young larvae, for instance, are
more susceptible to bad weather conditions and diseases
than older ones. Also the decrease of female-rate and egg
production result from change of the constitution,

Food supply

Food quality and quantity influence sex ratio, egg
production and mortality of pest populations, During out-
break conditions caterpillars starve and surviving indi-
‘'viduals produce less offspring (WELLENSTEIN, 1942), Since
female larvae need more food than males, they are more
likely to starve and the sex ratio changes in favour of
the males,

As caterpillars are forced to feed on unfavourable
food (hard needles, sun needles) their rate of development
is decreased (e.g. Lymantria dispar 13 days more; KURIR,
1952), Thus, caterpillars on unfavourable food will be ex-
posed to parasites and predators for a longer time and
mortality is higher than under normal conditions.

Abiotic influences of environment
Temperacure

Temperature is absolutely decisive for duration of
insect development, especially during egg and larval sta-
ges. Slow development prolongs the influence of unfavour-
able weather or site conditions; on the other hand faster
development will give a better chance of survival., Tempera-
ture can affect fertility by influencing the sex ratio and
egg production., Caterpillars reared at different tempera-
tures showed a significant dependency on their female rate
and egg production of adults (WELLENSTEIN, 1942;ZWOLFER 1934)

Humidity

Humidity also influences the sex ratio. When eggs of
nun moth and gypsy moth were reared at 32 - 50 % relative
humiditv, more male larvae hatched whereas at 100 % rela-
tive humidity more female larvae hatched (SKUHRAVY, 1952).

Climate

Climate is decisive for the geographical distribution
of the several tussock moth species and for the regions
where they remain in latency or where they build up out-
breaks Zrequently.
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Weather

Weather, however, has local influence and affects the
pest population in time and place. Outbreaks of the nun
moth often happen after warm, dry summers. Furthermore,
weather influences insect mortality by unfavourable events
such as storm, heavy rain fall, cold weather fronts etc.
and can affect the antagonists as well as the pest insects.
Also, the coincidence between flushing of buds of the trees
and the hatching of the first instar larvae is affected by
weather conditions.

Biotic environmental factors

Natural enemies or antagonists are predators, para-
sites and pathogens. Their action is not only mortality
but they also influence the fertility of a population by
changing the female rate and egg production. For example:
Female caterpillars of all Lymantriids have one more lar-
val stage than males and for that reason are exposed for
a longer time to predators (e.g. birds) and parasites. Thus,
natural enemies diminish the female rate.

Ichneumonids prefer female over male nun moth pupae
which causes higher female mortality(NICKLAS, 1942). As a
rule, predators and parasites increase during an outbreak
with a temporal lag of 1 or 2 years.

Pathogens, particularly nuclear polyhedrosis viruses
(NPV), play an important role among all Lymantriid species.
Nun moth outbreaks always end by NPV epizootics. During
the large nun moth outbreak in Poland 1978-1984, the virus
disease occured in spruce and larch stands but never in
pine forests (SCHONHERR, 1985). Cytoplasmic polyhedrosis
virus, microsporidia and fungal diseases are generally un-
important in the decline nun moth outbreaks.

DEVELOPMENT and DURATION of NUN MOTH OUTBREAKS

The natural distribution of the nun moth extends from
western Europe (Spain, Ireland) through the Soviet Union
to China (WELLENSTEIN and SCHWENKE, 1978). The northern li-
mit of distribution is near the 60th degree of latitude,
the southern border reaches to the Mediterranean area and
the Caucasus mountains. The nun moth does not exist on the
North American continent.

Lymantria monacha is the most important forest defoli-
ator of Europe. The species caused the heaviest outbreaks
and largest forest destructions of the past. There were
many nun moth outbreaks during the last century in Europe
(see Fig. 187 in WELLENSTEIN and SCHWENKE, 1978, p. 356).
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Lymantria monacha is polyphagous like other Lymantriid
species but reaches epidemic levels only in spruce and pine
forests. Spruce forests are generally more susceptible than
pine, but the last outbreak in Poland occurred in pine
forests.

The most severe nun moth outbreaks occur in Central
Europe. Most outbreaks happen in areas of low precipitation
(400 - 700 mm annual rain fal%) and monthly tempergtures of
11.5 - 13.3°C in May, 15 - 17°C in June, 16.5 - 19°C in
July and 16 - 18°C in August (LEUTHOLD, 1931). This shows
that nun moth prefers warm and dry regions.

Nun moth outbreaks usually begin after a period of one
or more of the following favourable weather conditions:

- Coincidence of flushing of trees and hatch of the
larvae which diminishes larval mortality

- Warm, dry summer months (June/July) which reduces
mortality and enhances weight gain of the cater-
pillars

- Warm dry weather during the flight period (August)
which facilitates mating of the adults.

Under favorable weather and nutrition conditions a
nun moth population can increase 50 to 100 times. Nun moth
gradation proceed from initial stage of high potency of
reproduction because of high female rates and large egg
numbers. With increasing population density, the constitu-
tion of the individuals gets worse and the female rate and
egg production declines. Finally the outbreak collapses,
owing to the influence of density-dependent environmental
factors, such as starvation, natural enemies and diseases.

In detail, a nun moth outbreak shows the following
development:

First year: The pest population exceeds the endemic
level, but the augmentation is restricted to small areas
of infestation. Defoliation is not yet visible; thus, the
beginning of the outbreak is not noticeable.

Second year: Defoliation of the forest amounts to
around 10 percent, but the damage is not perceptible.
During the flight period, however, many moths are seen
sitting on the stems. Large numbers of healthy eggs are
found on the tree trunks. These are indications of mass
attack for the following year.

Third year: In spring of the third year a very high
number of first-instar larvae are conspicuous. Several
thousands of young caterpillars may be on each tree. In
June/July suddenly heavy frass occur and defoliation
reaches 50 - 90% loss of needles. Infestation centers are
clearly discernible. In these centers the number of eggs
diminishes.



179

Fourth year: Inside of the infestation centers of pre-
vious year many caterpillars still occur. However they are
weak, often sick, feed 1little and only a few of them pupate.
The majority of the caterpillars die from NPV disease and
other antagonists. Very few .moths complete development
and these are weak and not very fertile. The pest popula-
tion remains healthy in the border zones, where the popu-
lation density is lower.

The outbreak continues and spreads out from the bor-
der area of the infestation centers. Drifting of the first
instar larvae by wind and moths flying is not very impor-
tant in spreading the outbreak. The many new infestation
centers result from augmentation of the endemic population
on each place.

Duration of nun moth outbreaks in conifer depends on
the host species:

Population Phase Number of Years

Pine Forest Spruce Forest
progradation (increase) 2 4
eruption } Yoiikbreaky) 1 2
collaps 1 d

Thus, the total outbreak gradation usually lasts
4 years in pine forests and 7 years in spruce forests.

Reasons for the different development in pine, spruce
and broadleaf tree forests are following:

The open pine forestsare moderately favourable for
nun moth larvae. The abiotic conditions are suitable and
bird pretation is relatively low. Larvae however suffer
starvation owing to late flushing of the trees. Pine trees
also provide less food than spruce trees. For that reason,
outbreaks are of short duration.

Result: In pine forests nun moth outbreaks occur more
often but are shorter in duration than those
occuring in spruce stands (on average four
years).

In old spruce stands, the even temperatures, calm
winds and high humidity are favourable environmental con-
ditions for nun moth reproduction. Also favourable are the
rough bark of the trunks, the temporarily wide spread
flushing of the spruce trees, and the high biomass of fo-
liage on spruce trees. Egg and first larval stage mortali-
ty is low under such conditions. The lower temperatures
of spruce forests however retard the increase of the popu-
lation. Also the natural enemies increase slower than in
broadleaf forests. Therefore, the gradation starts and de-
velops slower and the outbreak lasts longer because of
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larger, more predictable supply in spruce stands.

Result: In spruce forests the outbreaks of the nun
moth lasts longer than in pine forests (on
average seven years).

Broadleaf-tree forests are not favourable for nun
moth development. The smooth bark of the beech trees re-
sult in high egg mortality by predators. Also in hardwood
forests are more parasites and predators (esp. birds) than
in conifer forests. The deciduous leaves toughen too fast
and become unfavourable food for young larval stages.

Result: Since nun moth does not reach high population
densities in broadleaf-tree forests, there is
little opporzunity for outbreaks in such
forests.

CONCLUSIONS

The nun moth provides a prototype of the principle
pattern of outbreaks of the tussock moth species shown in
Table 1. Differences among the Lymantriids result essen-
tially from species specific behaviour, such as host tree
preference and climatic requirements and on the volume and
effectiveness of their antagonists. Gypsy moth, for in-
stance, prefers warmer and dryer habitats than nun moth.
For that reason, the traditional European outbreak areas
of the gypsy moth are in southern and southeastern Europe.

In summary, I have tried to draw a general picture
of the outbreak characteristics of the Lymantriids and I
would like to restrict my considerations to these general
statements. In my opinion more details about other tussock
moth species might be the subject of some of the other
speakers.
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MONITORING POPULATION CHANGE
INTHE LYMANTRIIDAE

Richard R. Mason, USDA Forest Service
Pacific Northwest Research Station
Forestry and Range Sciences Laboratory
La Grande, Oregon 97850

INTRODUCTION

Monitoring is specifically defined in this paper as the
procedures used to generate insect census data. Its principal
purpose in modern pest management is to detect spatial and
intergenerational changes in the densities of problem species. Of
the worldwide number of lymantriids, monitoring systems have been
developed for only a few of the most economically important
species. Regular monitoring of populations over successive
generations has been concentrated on even fewer species: Lymantria
dispar (L.) (the gypsy moth) in the new and old world; Lymantria
monacha L. (the nun moth) in Europe; and Orgvia pseudotsugata
(McDunnough) (the Douglas-fir tussock moth) in western North
America. Although some attention has been given to the sampling of
other pest species of the Lymantriidae, consistent monitoring of
their numbers over extensive areas has been the exception rather
than the rule. This is unfortunzte because much can be learned
about the numerical behavior of pest populations from an analysis of
their long-term census data (Berryman, 1987).

Populations of univoltine species, like most of the
Lymantriidae, need to be monitored annually to capture changes in
abundance from one generation to the next. There is no universal
sampling method for doing this (Graham and Stark, 1954). Types of
monitoring differ with each species depending on its life cycle,
spatial distribution, and behavioral characteristics. Annual
censuses are based on either direct counts of the insect in one of
its developmental stages, or on 2 measurable indicator of the
species' abundance such as the extent of defoliation of its
principal hosts or the production of excrement or other residues.
Direct counts are interpreted as absolute density when numbers are
expressed in terms of a fixed unit of space like a hectare, and as
relative density when the unit of expression is variable like a trap
or volume of foliage. Indirect measures, such as defoliation or
frass, are only indices of insect abundance, but they can be as
useful for censuses as direct counts.
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COMMON TECHNIQUES OF MONITORING

Defoliation

Visual reconnaissance of defoliation is one of the oldest
techniques for monitoring the major problem species of the
Lymantriidae. Aerial detecticn surveys and the sketch-mapping of
infestations are annual events in most pest management programs.
Infestations are ultimately reported as the number of acres or
hectares defoliated by a species, which in turn reflects year to
year changes in its abundance. The record of O. pseudotsugata
defoliazion in northern Idaho over the last 58 years is a good
example of the usefulness of such data. The plotting of defoliated
hectares over time shows the six peak fluctuations in abundance that
have occurred in northern Idaho since 1930 (Fig. 1). The last
recorded defoliation in 1986 was only 1371 ha (Stipe et al., 1987);
this was small compared to the size of previous outbreaks, yet it
followed the previous pattern of periodic eruptions. Periodiczity of
major f_uctuations of L. dispar in coastal forests of Morocco and L.
monacha in southern Germany has also been determined indirectly by
long-term records of their defoliation (Fraval, 1986; Klimetzzk,
1971). An obvious weakness of such surveillance methods is that
population changes cannot be estimated at low densities when
defoliation is undetectable. This results in a data gap between
outbreaks, seen in Figure 1, that could be important in the
long-term analysis of serial data.
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Figure 9. Trend of visible defoliation by Orgyia pseudotsugata i
northern Idaho, 1930-87 (modified from Livingston, 198&)
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Eggs

Fggs of many of the lymantriids, especially of Lymantria and
Orgyia species, are deposited in a large mass. Egg masses are
relatively easy to see and, because they are the overwintering stage
for many species, they can be sampled through the fall and winter
months with less concern about critical timing. Eggs have
unquestionably been the favored stage for monitoring populations of
L. dispar in Europe and North America (Maksimovié and Sivéev, 1984;
Semevsky, 1973; Wilson et al., 1981). Densities of egg masses are
usually estimated directly by counting all the masses on trees and
shrubs in small sample plots and summarizing the results in absolute
terms as the number per hectare. Plots may be a fixed size or a
combination of fixed and variable size, with the variable radius
determined by prism selection of live trees on which to observe
masses (Wilson and Fontaine, 1978). In comparative studies a fixed
plot size of 0.01 ha has proved to be superior to other methods over
a wide range of densities (Kolodny-Hirsch, 1986).

The longest series of direct counts for any lymantriid are of
L. dispar egg masses in eastern New England (Fig. 2). These
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Figure 2. Trend of egg mass densities of Lymantria dispar in
eastern New England, 1911-31 (modified from Campbell,
1967).
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densities were estimated over 21 consecutive years on permanent
0.18-acre (0.073-ha) plots (Campbell, 1967, 1973). Because of its
duration the data set is unique and was the basis for recognizing
numerical bimodality as well as other population behavior of the
species (Berryman, 1987; Campbell and Sloane, 1978). Egg mass
density expressed in absolute terms has also been used in numerous
studies of L. dispar in Yugoslavia (Maksimovié, 1953; Maksimovié et
al., 1970). Figure 3 shows the results of monitoring egg masses for
six years to evaluate the effect of artificially stocking L. dispar
in forest stands to maintain natura% enemies during periods of low
natural density (Maksimovié and Sivcev, 1984).
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Figure 3. Trend of egg mass censities of Lymantria dispar ir three
study areas in Yugcslavia: A. Check area, B. Egg masses
added, and C. Egg masses added (from Maksimovié and
Sivcev, 1984).

Eggs of other lymantriid species like L. monacha and O.
pseudosugata are likewise sampled to predict population trends,
particularly during outbreaks, but have not been preferred for
longer term monitoring (Mason, 1969; Schonherr, 1985; Shepherd et
al., 1984). Egg masses of O. pseudosugata are counted only on
branches and are usually expressed as relative densities per whole
branch or specific area of the branch (Luck and Dahlsten, 1967;
Mason, 1970; Shepherd et al., 1984). One of the problems with using
eggs for monitoring trends of J. pseudotsugata is that at low
densities, masses are often concentrated with a high variance in the



tops of trees where they are difficult to sample without examining
an excessive number of trees (Mason, 1970).

Another technique for monitoring species with conspicuous
masses is the so-called five-minute walk. This procedure, which has
been successful for L. dispar, involves observing and counting egg
masses while walking through the stand (Wilson et al., 1981). After
five minutes have elapsed, the total count is translated into
absolute density by a regression relation developed previously.
Variations of the walk technique have also been used for O.
pseudotsugata eggs in scouting infestation centers (Shepherd and
Otvos, 1986; Sower et al., 1983) and in predicting the relative
density of first instars of the next generation (Mason and
Torgersen, 1977). These time-search methods are relatively low cost
and may be practical for generating long-term census data of some
species.

Larvae

Many lymantriids have been sampled at one time or another as
larvae, partly because damage by defoliation focuses more attention
on the feeding period than on other metamorphic stages. Also,
larvae are often sampled to evaluate the early effects of chemical
or microbial controls or to monitor intrageneration survivorship in
ecological studies. Larval numbers are most frequently given as
relative densities per branch or foliage unit, or sometimes the
whole tree, but a variety of expressions have been used. For
example, densities of L. dispar and Euproctis chrysorrhoea L. (the
brown-tailed moth) larvae have been evaluated in chemically treated
and untreated stands in Rumania by their number per hundred leaves;
E. chrysorrhoea has also been monitorequannually by the number of
hibernating caterpillars per tree (Scutareanu, 1986a, 1986b). In
Poland, the severity of a L. monacha outbreak was characterized by
the total number of larvae per tree (Schénherr, 1985); in Japan,
larval survivorship was estimated for L. dispar by sampling
one-meter long branches (Furuta, 1982) and for Dasychira argentata
Butler (the Sugi tussock moth) by total counts on small trees
(Shibata, 1981). In North America, densities of Dasychira plagiata
(Walker) (the pine tussock moth) and O. pseudosugata larvae are
estimated for life tables by sampling 38- to 4€-cm branch tips in
the tree crown (Dahlsten et al., 1977; Mason 1976; Sreenivasam et
al., 1972). Relative numbers of L. dispar larvae have also been
determined in New England by counting all visible larvae during a
10-minute walk (Connola et al., 1966). The monitoring of larvae of
some species, especially those feeding on broad-leaved trees like L.
dispar, can be difficult because of unpredictable aggregation and
the diurnal movement of older instars (Higashiura, 1987; Liebhold
and Elkinton, 1988a; Wilson et al., 1981).

The most continuous direct monitoring of lymantriid larvae has
been conducted in Canada by the Forest Insect and Disease Survey of
the Canadian Forestry Service (Richmond, 1954). 1In this survey,
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defoliator data are collected annually from permanent sampling
locations by systematically beating three-tree samples with a
3.7-meter pole and counting all the larvae that fall onto a ground
cloth (Harris et al., 1972). Sample plots were originally selected
to be broadly representative of an entire forest area. An equal
emphasis was placed on collected insects whether they were of major
or minor economic importance (Richmond, 195L). Data from the early
years of monitoring are published (Prentice, 1962), and the average
number of larvae per collection is easily celculated each year for
several species of the Lymantriidae (= Liparidae). An example of
the long-term trends of Orgyia leucostigma (J.E. Smith) (the
white-marked tussock moth) over a large arez of eastern Canada are
shown in Figure 4. Numbers are also summarized in Table 1 for
species represented by at least 1C years of consecutive entries. In
general, ttese illustrate the statility (i.e., small variance-mean
ratio) at low densities of three Lasychira species compared to the
other more outbreak-prone species. Leucoma salicis (L.) (the satin
moth), a severe pest of Populus spp. introduced from Europe in 1918,
cccurred at especially high densities during the 12 years that it
was monitored. The dasta also confirm the extreme volatility of O.
pseudot:sugata populations, already well-kncwn in British Columbia
for their periodic outbreak behavior (Harris et al., 1985).
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Figure 4. Trend of larval collections of Orgyia leucostigma in
Canada, 1938-56. Dzta collected by the Forest Insect and
Disease Survey of the Canadian Forestry Service
{calculated from Prentice, 1962).

Larval monitoring techniques are probably more advanced for
0. pseuvdotsugata than any other species in the family Lymantriidae.
Populations are sampled by counting larvae on three 45-cm branches
from each tree in a tree-cluster and relating their number to a
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Table 1. Summary of monitoring statistics for 7 species of
Lymantriidae (= Liparidae) reported by the Forest Insect and Disease
Survey of the Canadian Forestry Service (calculated from Prentice,
1962).

Number Mean Var- Var-
Species of con- larvae iance iance/
secutive  per of mean

years sample mean ratio

Dasychira (= Parorgyia) grisefacta

(Dyar) i 1.22 0.10 0.08
Dasychira (= Parorgyia) plagiata

(Walker) 17 1.25 0.06 0.05
Dasychira (= Parorgyia) vagans

(B. and McD.) 10 1.36 0.22 0.17
Leucoma (= Stilpnotia) salicis

(Linnaeus) 12 43.19  577.15 13.36
Orgyia antiqua (Linnaeus) 19 3.27 12.99 3.97
Orgyvia leucostigma (J. E. Smith) 19 8.23 66.08 8.03
Orgyia pseudotsugata (McDunnough) 12 16.04  290.87 18.13

standard unit of branch area (Mason, 1979). In outbreaks the sample
branches are clipped from the middle one-third of the tree crown by
using a pole pruner with an attached basket. To prevent the escape
of larvae the clipped branches drop into the basket, which is
lowered to the ground where the samples are removed and beaten over
a cloth to dislodge the larvae. In sparse populations, a
nondestructive technique is used where lower branches are beaten
over a hand-held drop-cloth without cutting them off the tree. This
way more foliage can be easily sampled when larvae are scarce.
Density in the midcrown is indirectly estimated simply by the
frequency of occurrence of larvae on the lower branches (Mason,
1977, 1987) using the equation,

M = -17.75¢70+598

1n(1-p) , 1)
where M is midcrown density per m2 of branch area, d is the
average number of days since egg hatch, and p is the proportion of
sample units with larvae. Because of the cost efficiency of the
method we have been able to monitor low-density populations of O.
pseudotsugata continuously over a longer period of time than would
be possible by other more expensive methods (Fig. 5). Lower crown
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sampling has also been used effectively in the pest management of O.
pseudotsugata as a followup to other detection methods to evaluate
the status of rising populations (Mason, 1978; Shepherd, 1935;
Shepherd and Otvos, 1986).
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Figure . Trend of larval densities of Orgyia pseudotsugata in a
nonoutbreak population in southern Oregon, 1974-87.
Plotted data are means of eight sample plots (from Mason
and Torgersen, 1987).

Although fluctuations in numbers of lymantriid larvae are
usually given in relative terms, an indirect technique taking
advantage of the movement of o_der L. dispar instars to and from the
crown cculd lead to an expression cf absolute density for this
species (McManus and Smith, 1984). Recent findings of a relation
between the total number of L. dispar larvae on trees and the number
resting during the day on burlap bands attached to the main stem
will make estimates of absolute density more practical (Liebhold et
al., 1986; Wallner et al., manuscript in review).

Pupae

Lymantriids are rarely monitored in the pupal stage, probably
because pupae are temporally close to the egg stage which is more
representative of the surviving generation. When pupae are sampled
it has usually been for life table studies or for specifically
evaluating mortality (Dahlsten et al., 1977; Luck and Dahlsten,
1980; Mason et al., 1983; and Sreenivasam et al., 1972). Estimates
of the relative density of O. pseudotsugata and D. plagiats pupae
have been made by sampling whole branches or 38-cm branch tips.
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There is no reason why some of these techniques could not be used
equally well for intergeneration monitoring. Pupae of O.
Dseudotsugata, for example, can te easily sampled on lower branches
by observation and converted into midcrown densities by the same
function (equation 1) used for larvae (Mason, 1987). We have also
sampled O. pseudotsugata cocoons at very low densities using the
time-search technique. The rate that cocoons were collected per
person hour of foliage searching was closely related to relative
density in the midcrown (Mason and Torgersen, 1977).

Providing artificial habitats for pupation is another method
with promise for monitoring populations of L. dispar and O.
pseudotsugata. The procedure involves fastening shelters to the
main stem of trees in the form of plastic fleps for L. dispar
(Reardon et al., 1986; USDA Forest Service, 1986) or small wooden
blocks with four 2.5-cm diameter holes for 0. pseudotsugata
(Dahlsten et al., 1978). Larvae pupate on or near the devices where
their cocoons are collected and counted. These data can be
interpreted as relative indices or converted to absolute densities
by regression techniques. The method also has the advantage of
providing additional information on sex ratio, parasitization, and
egg mass size.

Adults

Natural lures for trapping male moths have long been used for
detecting presence or forecasting trends of L. dispar populations
(Collins and Potts, 1932; Maksimovié, 1965, 1969). The sex
pheromones of L. dispar and 0. pseudosugata have now been
synthesized (Bierl et al., 1970; Smith et al., 1975) and are
effective adult attractants at extremely low concentrations
(Livingston and Daterman, 1977). Disparlure, the pheromone of L.
dispar, also attracts L. monacha adults and the pheromone of O.
pseudotsugata is similarly attractive to several other lymantriid
species (Brewer et al., 1985; Daterman et al., 1976, 1977; Grant,
1977; and Schonherr, 1972). The availability of these synthetic
compounds has stimulated considerable research on environmental
factors affecting the use and reliability of baited sticky traps as
a relative index of population abundance (Cameron, 1979; Daterman,
1982; Hochmut et al., 1977; Jensen and Nielsen, 1984; Shepherd et
al., 1985; Skuhravy and Zumr, 19&1). Computer-operated information
systems that analyze and display annual trapping data for large
geographical areas are also being developed (Reardon et al., 1986).

Pheromone-baited traps have not been used long enough to have
generated extended data sets. Bowever, the ability of traps to
monitor short-term trends is illustrated for an endemic population
of L. monacha in southwestern Germany (Fig. 6). Tree defoliation
did not occur at any of the locations during the years they were
monitored. On the other hand, significant defoliation did develop
at another site in 1978 where the number of moths caught was much
higher than that recorded at these locations (Bogenschiitz, 1979).
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Such results indicate that detecting critical thresholds in
population density may be the most important product of monitoring
adults.
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Figure 6. Trend of trapped adults of Lymantria monacha in a
nonoutbreak population in southwest Germany, 1974-T79.
Plotted data azre means of 120 traps in four forest
districts (modified from Bogenschiitz, 1979).

Similar findings have come from the annual monitoring of 0.
pseudot.sugata where the number of trapped adults may not always
correlate well with local densities of eggs or larvae, but it does
accurately indicate general abundance and critical changes in the
population (Daterman et al., 1979; Shepherd et al., 1985). An
example is the 1986 cyclic peak of 0. pseudotsugata that occurred in
northern Idaho (Fig. 1). Average moth densities trapped at
permanent monitoring sites from 1978 to 1987 clearly tracked the
buildup and decline of this population. Although the outbreak
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caused only minimal defoliation in 1986, it was accurately forecast
by the peak moth catch in the fall of 1985 (Stipe et al., 1987).

The annual monitoring of adults with pheromone-baited traps is today
an important phase in the pest management of O. pseudotsugata in the
Pacific Northwest and British Columbia (Daterman, 1979; Daterman et
al., 1979; and Shepherd and Otvos, 1986).

Frass and Exuviae

Measurements of the quantity and quality of frass produced by
larvae has occasionally been used as an index for evaluating
populations of L. dispar, L. monacha, and D. argentata (Connola et
al., 1966; Liebhold and Elkinton, 1988a, 1988b; Maksimovié, 1953;
Shibata and Nishiguchi, 1980; Zethner, 1976). Frass droppings are
collected in various kinds of suspended cloths and containers or on
sticky boards, sorted by size, and weighed or counted. Corrections
may need to be made for the effects of temperature on production.
The weight and number of droppings is well correlated with larval
abundance, and pellet size is a good indicator of instar number
(Higashiura, 1987; Liebhold and Elkinton, 1988a; Zethner, 1976). A
novel technique has also been tried in Japan for estimating the
absolute density of L. dispar larvae by the number of head-capsules
falling into traps (Higashiura, 1987). The density of larvae
determined by this method was almost identical to that estimated by
frass collection. Although these techniques have been used mostly
for determining intrageneration changes in outbreaks, they may have
potential for the annual monitoring of absolute numbers.

DISCUSSION

Selecting a permanent monitoring system depends on many
considerations that are only partly biological. Statistical and
economic concerns also need to be addressed. The ideal scheme
should provide annual estimates of a species' abundance with a small
variance at a low cost. Expensive methods that require excessive
sampling are less likely to be sustained through many consecutive
generations of monitoring. Unfortunately, except for L. dispar egg
masses (Kolodny-Hirsch, 1986), there are few published studies
comparing relative efficiencies of the monitoring techniques that I
have described.

A final caveat for all monitoring schemes is to keep them as
simple as possible. The ccllection of continuous data, so vital for
understanding the long-term dynamics of defoliators, demands
consistency that can only be accomplished by a commitment over many
successive years. Jdealistic systems that are impractical and
expensive to use in the field are less likely to survive tight
budgets in the real world. It sometimes becomes more important to
maintain completeness of the data set, even if at the expense of
having to sacrifice statistical rigor for practicality. There are
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probably many examples in forest entomology where the collection of
important census data was suspended simply tecause of the
unnecessarily high cost of the monitoring system.

SUMMARY

Many techniques have been used to estimate insect abundance in
the Lymantriidae. Except for the general defoliator collections
made annually by survey groups, the systematic monitoring of
single--species populations in successive generations has been
limited mostly to three economically important species: Lymantria
dispar (L.) (the gypsy moth), Lymantria monacha L. (the nun moth),
and Orgvia pseudotsugata (McD.) (the Douglas-fir tussock moth).
Defoliation recorded in annual surveys is a valuable index of
abundance at high densities, but such records alone are inadequate
for detecting critical population changes at low densities or making
analyses of long-term population behavior. Instead, sampling by
direct counts of the insect to estimate either absolute or relative
densities is the most successful method of monitoring change over a
wide range of natural populatZon densities. Traditionally,
populations of L. dispar have been monitored in Europe and the
United States by counting egg masses on small sample plots and
expressing their numbers as absolute density per hectare. Other
methods like baited-traps for adults, artificial habitats for larvae
or pupae, and frass-drop measurements also have potential for
monitoring. Relative densities of L. monacha in Europe are
monitored primarily by the number of moths caught annually in
pheromone-baited traps. Population trends of O. pseudotsugata in
western North America can be followed successfully by either the
relative density of moths in pheromone traps or small larvae counted
annually on foliage samples. To ensure perpetuity during periods of
austerity, the best monitoring systems should be statistically
efficient and relatively simple and cheap to use.
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SPATIAL ASPECTS OF GYPSY MOTH
POPULATION DYNAMICS

Andrew M. Liebhold, U.S. Department of Agriculture, Forest Service, Box 4360,
Morgantown, WV 26505 U.S.A.

Joseph S. Elkinton, Department of Entomology, University of Massachusetts, Amherst,
MA 01003 U.S.A.

INTRODUCTION

Like many other insect species, the dynamics of gypsy moth, Lymantria dispar L., is
difficult to predict. Populations often exist at very low densities for many years and then,
for unknown reasons, densities increase several orders of magnitude to defoliating levels.
Despite many years of study, the mechanisms by which low densities are maintained and,
conversely, the mechanism by which outbreaks develop are largely unknown.

The traditional approach to understanding and predicting the dynamics of insect
populations is to quantify natural population processes averaged across a given location.
In the past, spatial processes have been considered too complex to quantify in detail. We
have attempted to characterize spatial patterns and processes that may be important to the
dynamics of gypsy moth populations. This analysis was undertaken at two levels of
resolution: the within-stand and regional levels.

WITHIN-STAND PROCESSES

The collection of life-table data at one or more sites over several years has proven to
be a useful method for studying insect population dynamics (Varley et al. 1973). Using
the classic approach, data are collected on animal density and mortality for successive
stages within a generation. These data are used to quantify mortality over specific age
intervals and mortality attributable to specific agents. K-factor analysis (Varley and
Gradwell 1960, 1968) is one of several techniques used to evaluate the importance of
various mortality sources and intervals to total generation mortality. These data are also
used to evaluate which, if any, periods or specific sources of mortality act in a density-
dependent fashion. Positive density-dependence is thought to contribute to population
stability (Varley et al. 1973).

Hassell (1985, 1986) pointed out that the classic life table approach may be inadequate
because it fails to recognize spatial variation in prey densities. Often, insect populations
are patchy, in part due to the spatial variation of host plants. Hassell (1985, 1986)
postulated that natural enemies may respond in a density-dependent fashion to this spatial
variation in density and that by averaging across an area, as is done in most life-table
studies, one may may fail to detect density-dependence.

Hassell (1985) described a need to collect life-table information from a sampling
design that is stratified in space as well as time. Typically, quantification of spatial
heterogeneity in density and mortality often requires intensive sampling. Partly for this
reason, few studies have attempted to quantify these relationships. The holly leaf-miner
(Heads and Lawton 1983) and vibumum whitefly (Hassell et al. 1987) are perhaps the
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only insects that have been systematically analyzed in this manner. These studies
showed that patterns of spatial density-dependence may vary considerably at different
spatial resolutions and that these patterns are often quite different from patterns of
temporal density-dependence.

In this study of gypsy moth population dynamics, as an alternative to the classic
collection of series of life tables, we collected matrices of life tables stratified by two
(horizontal) dimensions in space within z generation (Liebhold and Elkinton 1988c).
Densities were estimated for a matrix of cells throughout a plot. We also attempted to
accountfor causes of larval mortality occurring in spatial subplots.
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Figure 1. Location of density estimation census points and larval collection points. A. 9-ha site (site 1). B.
16-ha site (site 2).

Sampling Methodology

A 16-ha and a 9-ha study site were located on Otis Airbase, Cape Cod, Massachusetts.
At the 9-ha site a 13 x 13 grid (25 m between each point) was established and a 9 x 17
grid (50 m between points on the x axis, 25 m between points on the y axis) was located
at the 16-ha site (Fig. 1). Densities of successive gypsy moth life stages were estimated
at each grid point.

Egg-mass densities were estimated by counting all new egg masses within 5 m of each
point. The density of larvae hatching from each mass was estimated as the product of
egg mass density and first instars (L1) per egg mass (estimated from 40 field-collected
masses [Buonaccorsi and Liebhold 1988]). Fourth instar (L4) densities were estimated at
each point as the ratio of frass drop and frass yield (rate of frass production per insect)
estimates (Liebhold and Elkinton 1988a,b,c; Buonaccorsi and Liebhold 1988). Frass drop
was measured by placing a frass trap at each grid point. Frass yield was measured by
individually caging a cohort of 40 larvae from the site on host foliage over the same
period as frass drop measurement. Pupal, adult, and adult female densities were
estimated by locating all pupae in 2 x 5 m quadrats, marking them with acrylic paint, and
recording their positions. Pupae were marked once a week during the period that larvae
were entering the pupal stage. When all adults had eclosed, the quadrats were revisited
and the condition of pupal remaians (ie., missing, preyed upon, parasitized, or
successfully emerged) was recorded.
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Counts from adjoining census points were averaged for 1-ha subplots (9 subplots at
site 1; 16 subplots at site 2) to form estimates of density and mortality (expressed as k
values [Varley and Gradwell, 1960, 1968]). ki corresponded to the difference between
expected predispersal L] density and L4 density. Since most dispersal occurs during the
first instar, k] represented the change in density due to both mortality and dispersal. k2
was the mortality between the L4 and pupal periods. k3 was the difference between the
pupal and adult densities. k4 was the difference between adult density and adult female
density (sex ratio effect).

Within-plot variation in larval parasitism and disease incidence were measured by
making collections of larvae from the center of the 1-ha subplots (Fig. 1). Either weekly
or semi-weekly, 50-100 larvae were collected in each subplot. These larvae were placed
on artificial diet (Bell et al. 1981) and were checked for parasitism and mortality
biweekly. Mortality occurring between collections was totaled for each agent and
expressed as k values (Varley and Gradwell 1960, 1968). Marginal mortality
probabilities were calculated to account for simultaneously acting mortality agents
(Royama 1981; Ellsinton, unpublished).
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Figure 2. Densities of successive gypsy moth life stages at each site from 1985-1987. Site 3 was an
additional 9 ha plot at which detailed spatial data was not collected.

Results

The general pattern of within-generation survival was similar among years and sites
(Fig. 2). k2-k4 generally were greater than k1. During the course of the 3 years, densities
declined at all sites. The major sources of mortality in larvae were NPV, parasitism by
Parasetigena sylvestris, parasitism by Cotesia melanoscelus, and mortality due to
unknown causes. Elkinton et al. (this proceedings) discuss a preliminary application of
classical life-table analysis to these across-plot averages.

Considerable within-plot variability in density was observed frequently. For example, at
site 2 in 1985, one end of the plot had distinctly higher densities through all life stages
(Fig. 3). Liebhold et al. (1988) showed that some of the variation in gypsy moth density
within a plot can be explained by differences in host-foliage density. However, the
difference seen in Figure 3 clearly is not explained only on the basis of host-foliage
density (Fig. 4).
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Figure 3. Spetial distribution of successive gypsy moth life stages at site 2, 1985. Data interpolated from 86
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Figure 4. Spetial distribution of oak leaf-area (expressed as leaf area index [LAI]) at site 2. Data from 86
canopy photegraphs (Liebhold et al. 1988).
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Table 1. Significance of regressions of mortality to initial density at two study sites for 2 years ("/"
indicates significant positive slope; "\" indicates significant negative slope; "." indicates no significance).

------- Site 1------ --m----Site 2------
Mortality 1985 1986 1985 1986
ki / ‘ / /
C. melanoscelus \ : i .
Unknown F - .
NPV . . /
ko i 3
C. melanoscelus N N
P. sylvestris /
Unknown s
NPV
k3 . . /
kg \ ; / /

K] was the most consistently density-dependent mortality (Table 1). Rearing of larval
samples indicated relatively little mortality due to parasitoids and disease during this
period. Thus, it is likely that the density-dependence observed during this period is due
to predation or dispersal. The finding that mortality due to parasitization by C.
melanoscelus tended to be inversely density-dependent is in agreement with findings
from a similar study (Weseloh 1973). In general, specific density-dependent relationships
did not remain constant across all plots and years. Hassell et al. (1987) found this to be
true in their study of the spatial density-dependence of viburmum whitefly mortality.
Thus, conclusions about density-dependence derived from spatial data are unique to the
generation under observation.

Spatial life tables may detect density-dependence occurring on a finer spatial scale than
would be detected using the classic time-series. For example, the fine scale, aggregative
response of a parasitoid to host densities could be detected only from spatially stratified
data. By contrast, the classic approach to life-tables will detect any numerical response
(in the sense of reproduction rather than dispersal) of mortality agents. Thus, the classic
approach has an advantage in that it can be used to detect delayed density-dependent
relatons. Because of the different nature of information derived from the two types of
studics, spatial life tables may complement, but not replace classic life-table studies.

REGIONAL PROCESSES

We now consider spatial processes on a much larger scale: the regional level. Little is
known about spatial patterns of gypsy moth outbreak development. Valentine and
Houston (1979) and Campbell (1976) hypothesized that outbreaks may be initiated by
immigration of larvae from nearby outbreak areas. Campbell (1973, 1976) and Campbell
and Sloan (1978) concluded that outbreaks are likely to persist from one year to the next
when insect densities range widely among subpopulations in a region and, conversely,
outbreaks are likely to decline when numerical variability is minimal among
subpopulations.
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At the core of modern integrated pest management systems for gypsy moth are
geographically based monitoring systems (Ravlin et al. 1987; Reardon et al. 1987). The
objective of this approach is to use spatially stratified monitoring (typically a grid of
stations sefarated by 1-3 km) to detect new, rising populations and then treat these rising
populations in order to prevent regional outbreaks. To evaluate treatment decisions, there
is a need for models that predict the large-scale spatial dynamics of gypsy moth
populations. In this study we applied several statistical methods to characterize historical
spatial patterns of defoliation in Massachusetts.
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Figure 5. Defoliation incidence for each 1.9 x 1.9 km cell in Massachusetts, 1961-86.

Description of the Data

The Massachusetts Department of Environmental Management monitors gypsy moth
defoliation annually in all parts of the state using aerial sketch maps. Maps are sketched
during a series of flights over the state in late July when defoliation is at its peak.
Composite 1:760,320 maps covering the entire state from the years 1961-86 were
digitized irto a 65 x 101 matrix of cells (Fig. 5). Each cell represented a 1.9 x 1.9 km
area. Each cell was coded as either 1: containing defoliation, 2: undefoliated, 3: not part
of the state.
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Defoliation frequencies for each cell were summed from 1961-86. From the original
65 x 101 matrix of defoliation frequencies, a 25 x 25 matrix was interpolated using a
modified inverse-distance weighting function (Sampson 1975). This new grid matrix
was then used in a piecewise Bessel interpolation algorithm to generate defoliation
frequency contour intervals (Fig. 6). Portions of Cape Cod and an area near the
northeastern border of Rhode Island exhibited the greatest numbers of years of
defoliation.
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Figure 6. Spatial contour of defoliation frequency in Massachusetts from 1961-86.

Cluster Analysis

The outbreak that occurred in 1981 was an unprecedented phenomenon in terms of the
overall quantity of defoliated cells and in terms of the high synchrony of most regions
during this period. Except for the 1981 outbreak, defoliation timing was not synchronous

~among all portions of the state (Fig. 5S). We used cluster analysis in an attempt to
categorize similar regions according to synchrony of defoliation.

All map cells were assigned to one of 30 regions, which consisted of 10 x 10
submatrices of adjoining cells. For each region, yearly defoliation magnitude was
calculated as a proportion of the maximum observed defoliation for the region from all
years. This relative magnitude was used to eliminate the effect of areas that were
incapable of supporting defoliating populations (e.g., agricultural land and resistant
stands). Ward’s cluster algorithm (Hair et al. 1987) was then used to separate regions
according to their squared Euclidean distance in the 26 variables (years).

The first cluster to be identified (i.e., most distinctive defoliation pattern in terms of
outbreak synchrony) from the body of other regions consisted of Cape Cod and the
southeastern portion of the state (Fig. 7). In this cluster, regions characteristically
experienced high defoliation from 1980-86 and had other more minor eruptions from
1963-78 (Fig. 8). The cluster algorithm identified several other clusters of regions having
similar defoliation frequencies though they were not as distinct as cluster 1.
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Figure 8. Yearly defoliation frequencies in each of 30 regions.

Transition Models

In this study we used a two-state transition model (Parzen 1962) to describe the
transition of cells from O (undefoliated) to 1 (defoliated) and from 1 to 0. Separate
transition probabilities were calculated to compare cells in different clusters (previously
identified using cluster analysis). We performed this analysis talding into account the
stat% of zdjacent cells (using a Queen’s move definition of adjacency [Cliff and Ord
1973)).
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Figure 9. Probabilities of transition to a different defoliation state with varying numbers of defoliated
neighbors: A. Transition from nondefoliated to defoliated; B. Transition from defoliated to nondefoliated.

All clusters exhibited similar trends in defoliation transition frequencies with respect to
the defoliation status of adjoining cells. Probabilities of defoliation initiation increased as
the proportion of defoliated neighbors increased (Fig. 9a). This represents what is
referred to as the "focal area phenomenon” where visible defoliation begins at some
localized area and then that area grows larger through time (Chugunin 1949; Valentine
and Houston 1979; Wallner 1987). These results confirm this pattern; however, it
provides no evidence of a causal connection between defoliation in the localized area and
subsequent defoliation in surrounding areas.

The probability of defoliation termination decreased as the proportion of defoliated
neighbors increased (Fig. 9b). This relationship does not conflict with Campbell and
Sloan’s (1978) theory that outbreaks often are maintained by a redistribution of insects
from neighboring outbreak areas.

Autocorrelation Analysis

Spatial autocorrelation is a method of describing spatial patterns by quantifying the
correlation between spatially adjacent points (Cliff and Ord 1973; Sokal and Oden 1978).
We applied spatio-temporal autocorrelation analysis (STAA) to the defoliation data.
STAA is used to evaluate the relationship between adjacent points, where adjacency is
described in both space and time. Results from STAA can be useful for understanding
the spread of epidemics through space (Cliff and Ord 1978; Reynolds et al. 1988). We
restricted adjacency definitions to sepa.ate cardinal directions (Oden and Sokal 1986).
This directional STAA was used to statistically evaluate the extent to which defoliation
spread in one cardinal direction. Qualitative analysis of other gypsy moth defoliation
maps suggested that changes in the spatial distribution of defoliation between years is
often unidirectional due to the wind-borne dispersal of first instars (Anderson and Gould
1974).
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Directional STAA yielded nearly identical correlograms in all four cardinal directions
(Fig. 10). Cells which were within six time-space cells were significantly autocorrelated.
These results suggest that defoliation in a given cell may have had an effect on the
condition of spatially adjacent cells in the future. However, it does not indicate that there
was a unifying directional component to the spread of gypsy moth defoliation. Instead,
the lack of a significant effect of cardinal direction on directional STAA suggests that, at
least in Massachusetts, outbreaks radiate outward in all directions.
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Figure 10. Directional spatio-temporal autocorrealation correlograms (Reynolds 1988; Oden and Sokal
1986) based cn detoliation join-counts from 1961-86. Join-counts expected under a ranéom distribution
through time and space were the same for both North-South and East-West adjacency definiticns.

SUMMARY

Spatial processes affecting gypsy moth population dynamics were examined at two
levels: within-stand and regional levels. A spatially stratified sampling scheme was used
to measure within-stand spatial variation in gypsy moth density and mortality. This
method was used to quantify the extent to which various types of mortality operated in a
spatially density-dependent fashion. This information supplements analyses of space-
averaged density and mortality.

Regional spatial processes were studied by digitizing 26 consecutive annual defoliation
maps from the s:ate of Massachusetts. Analysis of these maps showed that outbreaks in
different rezions of the state did not arise simultaneously. Cluster analysis was used to
categorize the regions according to their outbreak synchrony. Transition models and
spatial autocorrelation analysis were used to quantify the spatio-temporal distribution of
defoliation. The probability of defoliation in a given area was dependent on the
defoliation status of adjoining areas.
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IMPACTS, SILVICULTURE., AND
THE GYPSY MOTH

Kurt W. Gottschalk, U.S. Department of Agriculture,
Forest Service, Northeastern Forest Experiment Station,
180 Canfield St., P.O. Box 4360, Morgantown, WV 26505 USA

INTRODUCTION

An integrated Pes’r moncdgemenf process for forest managers to deal
with potential defoliafion by and catastrophic losses from the gypsy moth,
Lymantria dispgr L., is described. The process outlines how to: (1) assess stand
susceptibility, (2) rate stand vulnerability and project potential losses, (3)
consider impacts on management objectives, (4) monitor gypsy moth
populations, and (5) select action alternatives (Fig. 1). It is hard to find two
forest managers who share identical concerns about the gypsy moth. The
district forester in Pennsylvania worries about how, where, and when to salvage
dead timber after an outbreak. In Virginia, the supervisor of a park frets over
potential effects on a delicate plant community. And a municipal watershed
manager in New York wonders about possible consequences to water yields
and quality. Problems In areas threatened by gypsy moth are as varied as the
owners and managers of the millions of acres of hardwood forest in the East.
But no matter what your perspective, your course of action for coping with
gypsy moth will be guided by your understanding of how much defoliation may
occur, the resulting mortality, the impact on management objectives, and the
action alternatives available.

Infestations in the 1970°s and 1980’s were monitored closely in several
areas that are fairly typical of millions of acres of susceptible forest in the
Eastern United States. Information about the impacts of gypsy moth has been
assembled, and *rule-of-thumb® guides for predicting tree defoliation and
subsequent mortality have been developed.

The rule-of-thumb label is appropriate for the guides since they by no
means account for all of the variation in damage caused by gypsy moth.
What actuadlly happens in the forest will be affected by many interrelated
factors (for example, defoliation frequency and intensity, tree stress, action of
secondary organisms such as shoestring root rot and the two-lined chestnut
borer, influence of gypsy moth parasites and predators, effectiveness of control
measures, and weather conditions). Most of these factors are in themselves
difficult to predict. Although not perfect, the following information gives
managers an indication of what fo expect from gypsy moth infestafions,
removes some uncertainty, and leads to improved management decisions.

ASSESSING POTENTIAL STAND DEFOLIATION (SUSCEPTIBILITY)

Gypsy moths attack trees or stands by defoliating their leaves. All tree
species and forest stands are not equally susceptible. Feeding preferences of
gypsy moth are a key indicator of potential defoliation (Fig. 2. Gansner and
Herrick 1985). Vegetation can be sorted into four food-preference classes.
ranging from Class |-species that are favored as food by gypsy moth larvae
(including oaks, aspen, birch, basswood, and sweetgum) through Class
IV--unfavored species that are rarely fed upon (including ash, cedar, dogwood,
locust, and yellow-poplar) (Mosher 19156 and Table 1).
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IPM DECISION PROCESS FOR GYPSY MOTH
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Figure 1. Integrated pest managemens: (IPM) decision chart to help forest
managers cope with the gypsy moth.
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Fié;ure 2. Average species defoliation on 600 plots in central Pennsylvania in
1981 (Gansner and Herrick 1985).

Rating Stand Susceptibility

Herrick and Gansner (1986) developed a procedure that uses species
composition, free size, and crown condition to rate the susceptibility of forest
stands in a newly infested area. With this model, stands at risk of heavy
defoliation can be separated from those where defoliation is IikeI?/ fo be light.
For example, stands with high basal area in oak species, especially black and

Table 1. Host preferences of the gypsy moth.

Preference level Species

High oaks, aspens, basswood, birches, larch, willows, apple,
sweetgum

Moderate beech, butternut, cherry, hickories, hemlock, cottonwood,

pines, maples, yellow birch, chestnut, spruces, walnut

Low ashes, cedars, locusts, junipers, sycamore, yellow-poplar,
balsam fir
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Fi?ure 3. Guide for estimating gypsy moth defoliation potential In newly
Infested areas (Herrick and Gansner 1986).

chestnut oaks, have potential for heavy defoliation (Fig. 3). Houston and
Valentine (1977) have developed a susceptibility rating system for use in the
New England area where gypsy moth has been present for decaces.

ASSESSING POTENTIAL TREE MORTALITY (VULNERABILITY)

In general, gypsy moth infestations result in mortality losses of less than 15
percent of total basal area. Losses of 15 to 35 percent are not uncommon,
and occasiondlly levels greater than 50 percent are reported. The survival of
host trees depends on the interaction between: intensity, distribution and
frecuency of defoliation; whether -rees refoliate; tree condition before
defoliation; site factors; environmental conditions immediately before and after
defoliation; and extent of disease or other insect invasions.

Defoliation Intensity, Distribution, and Frequency

Gypsy moth defoliation intensity is commonly classed as light, moderate,

or heavy. The term ‘light defoliation® describes conditions where less than 30
percent of the foliage has been removed. Stand defoliation in this class
cannot ordincrily be detected during routine aerial surveys. A single light
defoliation usually causes lithe damage to trees. Stands where 30 to 60
percent of the foliage is removed fall within the ‘moderate defoliation® class.
Damage to trese trees will depend primarily on the specific amount of
defoliation, and tree vigor before defoliation and during the recovery period.
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Removal of more than 60 percent of the foliage places a stand in the *heavy
defoliation® class. When this occurs, refoliation places a heavy demand on the
tree’s food reserves. Thus, a free that refollates can remain under considerable
stress during the following weeks and become vulnerable to other mortality
agents (Table 2).

Table 2. Effect of defoliation intensity on mortality of 600 plots in central
Pennsylvania between 1978 and 1985 (Gansner and Herrick 1987).

3-year average Mortality
adflation & o

<10 13
10-19 15
20-29 16
30-39 17
>40 28

Gypsy moths begin feeding on preferred host species within a stand
before moving on to less preferred tree species. For example, a ‘light
defoliation® (averaging less than 30 Percenf) in a stand composed entirely of
preferred species usually means that less than 30 percent of the foliage was
removed from all crowns in the stand; and all trees are subjected to roughl
the same amount of stress. In a mixed-species stand, ‘light defoliation® could
include moderate to heavy defoliation on many preferred trees, resulting in
stress and death, while less preferred trees would be affected only slightly
(Table 3). This differential distribution of defoliation in mixed stands might cause
a significant shift in species composition.

Table 3. Differential mortdlity by species groups in 600 central Pennsylvania
plots (Herrick and Gansner 1987b).

Species Group Mortality (%)
Black & chestnut oak 25
Other oaks 19
Ofther species 14

Under "normal® environmental conditions, a single (even heavy)
defoliation does not result in heavy tree mortality (Campbell and Valentine
1972). However, the stress from this defoliation usually weakens a tree and
lowers its resistance to mortality in subsequent defoliations. Multiple defoliations
(increasing frequency) have an additive effect and can result in significant loss
in timber value.

Tree Condition
Tree vigor before defoliation (sometimes expressed in terms of crown

condition) has been shown to be significantly related to tree mortality (Table 4).
Low vigor can result from a number of environmental factors; previous attacks
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Table 4. Mortality in 600 central Pennsylvania plots as influenced by crown
condition (Herrick and Gansner 1987b).

rown it Mortali
Poor 49
Fair 21
Good 10

from insects and diseases can cause stress, as can prolonged drough: or
excessive moisture. Suppressed trees are especially vulnerable (Table S).

Table 5. Mortality of 600 central Pennsylvania plots as influenced by crown
class (Hemrck end Gansner 1987b).

Crown Position Mortality (%)
Dominant & codominant 14
Intermediate 18
Suppressed 28

Site and Stand Conditions

Gypsy moth defoliation is mcre frequent and severe on poorer sites.
However, when defoliation occurs cn moister, mesic sites with higher site
indices, mortality is higher than on poor sites (Table 6, Gansner 1987). Aspect,

Table 6. Mortdlity of 600 central Pennsylvania plots as influenced by site quality
(Gansner 1987).

Site Class r\l/(lsQrfgli

Poor (site index <55) 13
Medium (site index 55-74) 23
Good (site index >75) 24

|
N— O

slope posiﬁon,'site index, crown class, and species all affect stand mortality
(Fosbroke and others 1985).

Rating Stand Vulnerability

Gansner and Herrick (1984) examined a number of stand and tree
characteristics associated with gypsy moth infestation in Pennsylvania, and
developed a stand vulnerability rating system. The system is based on the
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percentage of trees in the white oak group (found to be particularly
wvulnerable) and the percentage of trees with poor crowns (more than 50%
dead branches, very thin foliage, reduced leaf size, poor color, or heavy
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Figure 4. Individual tree mortality probabilities based on 600 central
Pennsylvania plots (Herrick and Gansner 1987b).
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sprouting) (Fi% 4). Stands with a lor%e percentage of frees with poor crowns
and in the white oak species group have a potential for high mortality. Tnis
guide waos used to predict losses in central Pennsylvania. Predictec values
were within 2% of actual average loss. Sfill, these projections are rule-of-thumb
estimates: actual average moertdlity in a given situation will depend on the
influence of local site and envircnmental conditions.

Indiividual tree mortality can be predicted from the combination of
crown condition (free vigor), crown class, and species group (Herrick and
Gansner 19870). For example, a suppressed black oak tree In poor crown
condition has a 67 Percenf probability of mortality, while a good crown
condition, dominant black oak tree has a Frobqbillig of only 13 percent, and a
good crown condition, dominant red maple has a 5 percent probability of
mortality (Fig. 5). Using the probabilities based on these three factors with

Change in Stocking
After Gypsy Moth Infestation
Poconcs 1871-1979

24% OVERSTOCKED 17%

| 63% FULLY STOCKED 62%

Bl 13%  UNDERSTOCKED 17%
3% POORLY STOCKED 4%

Figure 5. Change in stand stocking in Poconos Mountains region of
Pennsylvenia following gypsy moth related mortality (Gansner and Herrick 1984),
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stand inventory data can provide stand-level estimates of morfallf?/. Also. they
can be used to determine which trees to cut and which ones to leave when
conducting silvicultural treatments.

CONSIDERING IMPACT ON MANAGEMENT OBJECTIVES

Decislons about specific preventive or remedial actions will depend on
Individual land management objectives. A timber manager may not care
about the expected loss of a few trees In an overstocked stand that would
provide a natural thinning (Fig. 6). But the recreation manager may have a
very low tolerance for any mortality In an historlc or scenic area. Willdlife
managers might welcome small openings created by tree mortality, but would
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be concered if too many mast-producing tree species were killed or
defoliation resulted in a mast failure. The manager of wilderness lands might
be indifferent to any natural tree mortality.

By rating the forest stands’ susceptibility to gypsy moth defoliation and
vulnerability to tree mortality, managers can determine if impacts on their
objectives are acceptable. If acceptable, then he or she might allow the
infestation to develop. If not acceptable, some preattack action such as
silvicultural cutting or enhancement of biological controls might be considerec.
Table 7 shows the total impact of gypsy moth in the state of Penrsylvania from

Table 7. Cumulative defoliation and timber losses in Pennsylvania from 1968 to
1987 (Quimby, personal communication).

Area defoliataed (without counting repeated defoliations)--6,901,500 acres
Total timber value loss—$310 million

Average loss per acre—-3$45.00

the time of ifs first outbreak to 1987. As the outbreak continues to develop,
insect Eopulofions can be monitored to estimate when infestation is likely and
what the severity of defoliation m'ght be. If warranted, foliage protection with
insecticides can be considered.

MONITORING SYPSY MOTH POPULATIONS

As gypsy moth invades new areas, managers will want to keep close
track of ts location and abundance. information on the location and spread
of gypsy motn infestations is collected by USDA Animal and Plant Health
Inspection Services (APHIS), by state forest pest management agencies, and by
the Forest Pest Management group within the USDA Forest Service. These
specidlists can provide the best early information on the extent of the infested
areas, population areas, population levels, trends, direction, and rate of
movement.

Once ci;y;asy moths have been confiimed in an area, the most useful
measure for determining potential populations and suppression needs is the
number of i,'ﬁsy moth egg masses pe” acre. Egg masses are visible on trees
and groun: er for 7 to 8 months before spring defoliation. Early cssessment
of expected populations provides lead time for planning and organizing
treatmerits. Several egg-mass sampling techniques are used. These include
*5-minute walks,” fixed-radius plots. variable-radius plots, and combined fixed-
and variable-radius plots. The “best" technique depends on population size and
the availability of time, personnel, and money. The 5-minute walk is popular
because of its simplicity. It is most applicable in areas with high egg-mass
densities when a quick population estimate is needed to determine spray
thresholc corditions (Eggen and Abraramson 1983).

A method for predicting potential gypsy moth defoliation percentage
based on the number of egg masses per acre has been developed (Fig. 7.
Gansner et al. 1985). The model works well given all the factors that can
influence defoliation (e.g.. host species, larval disgersion, weather).

Tolerance levels of gypsy moth population vary with particular
management goals and specific kandowner objectives. Urban and state
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programs for aerial spraying are often aimed at preventing nuisance caused by
caterpiliars, or unsightliness of defoliated trees at homesites and recreation
areas. A common threshold for nuisance prevention is 250 to 500 egg masses
per acre. The threshold for foliage protection to minimize tree mortality and
growth loss in forest stands would be much higher, about 60% potential
defoliation. This level is an egg-mass density threshold of approximately 1,400
per acre. For wildlife mast-production, a threshold of 500 egg masses per acre
would be appropriate.

SELECTING ACTION ALTERNATIVES

Action alternatives available to the resource manager faced with gypsy
moth-caused damage include silvicultural treatments, insecticide application,
enhancement of natural control agents, or just letting nature take its course.
The appropriate action degends on projected losses and their impact on
management objectives. Silvicultural prescriptions are determined by the
proximity of infestation, coupled with timber stand characteristics and maturity.

The development of a computer simulation model (Gypsy Moth Life
Systems Model, GMLSM) provides forest and pest managers with a tool for
long-term projections of gypsy moth impacts and testing of management
actions. These long-term frends would not be evident from examining
single-outbreak situations (Sheehan 1984).
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Silvicultural Treatments

Silvicultural treatments have potential for reducing both susceptibility and
vulrerability of forest stands (Table 8 and Gottschalk 1987). The use of

Table 8. Stratzgies and techniques for silvicultural treatments to minimize gypsy
moth imgacts

Alteration of stand susceptibility:

Maximizing tree growth and vigor
Manipulafing gypsy moth habitat
Increasing forest diversity

Alteration of stand vulnerability:
Maximizing tree growth and vigor

Removing high risk frees and stands
Manipulating secondary organism habitat

silvicultural treatments is very recent with most forest managers just accepting
them as management philosophy (Trew 1987). Despite this recent interest,
silviculture will only be able to treat a small portion of the total area needing
treatmen- within any given outbreak interval. Treatments need to be prioritized
so that the most vulnerable and valuable stands are treated first.

f defoligtion is not expected within the next S vears, there is adequate
lead time for taking preventive action. Seven silvicultural prescriptions have
been described that may aid in reducing fimber losses. If the stand is pcorly
stocked (ess than C level: 35%). or if the stand is adequately stocked (C level
or better; > 35%) but is within 5 years of maturity, stan re?enerofion may be
considered. Shorfenin%fhe rotation will allow marketing of the cumrrent stand,
avoiding lost value in the salvage of dead material, and assuring adequate
regenera-ion through seed production and sprouting from live stumps. If
advanced regeneration stocking and stump sprouting potential are adequate,
the stand car be regenerated witn a harvest. For stands where sources of
regeneration are not adequate, a shelterwood or conversion cutting may be
considered. If susceptibility or vulnerability of the stand is high, then conversion
to ronpreferred host species will help reduce the establishment and spread of
gypsy math.  On lower quality sites, conversion usually will be to a pine species,
while higher quality sites can be converted naturally to mixed hardwoods by
shelterwood or selection cufting. When susceptibility and vulnerability are low,
shelterwood cutting can develop adequate advance regeneration: a drastic
change in species composition is not needed.

If the stand is fully stocked but will not reach maturity for anotnher 6 to 15
years, it iz advisable to defer cutting for 6 to 1 s, and re-exgmine for
possible protection, early harvest, or salvage if mortality has occurrec. Ycunger
fully stocked stands (16 or more years from maturity) with less than 80% stan
density may test be handled by deferr fting for 1 1
re-exgmining their status as defoliation becomes an immediate threat.
Experience suggests that stresses created by thinning or cutting can remcin for
3 tc § years after treatment. Reduced vigor resulting from this stress, coupled
with defoliation stress, could result in high mortality. High-value, highly stressed
stands should be observed closely and are good candidates for chemical
spray protection if an outbreak is expected during the recovery period.
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For younger, fully stocked stands with more than 80% stand density,
sanitation thinning or presalvage thinning may be considered, depending on
the percentage of the basal area that is in preferred food species. Sanitation
thinning is best applied in stands where less than 50% of stand basal area is in
preferred food species, and where other management objectives make it
appropriate. This treatment is designed to reduce the spread and
establishment of gypsy moth by removing trees that are refuges and preferred
food species. Presalvage thinning is best suited for stands with more than 50%
of the basal area in preferred food species. This treatment reduces
defoliation-caused losses by removing the most vulnerable trees before they are
defoliated and die. Trees considered most vulnerable are oaks in poor crown
condition, other species in poor crown condition, then frees with fair crowns.
Trees with good crowns are less likely to die (Herrick 1982).

If defoligtion i rently taking pl r ex ted withi
vears, the appropriate actions are to protect with insecticide application,
closely monitor and evaluate through stand examingtions, or move ahead with
stand neration plans.  Priorities for chemical application can be based on
stand maturity, condition, and value; gypsy moth population densities; and
management objectives. Under conditions of low stand value or low risk, the
best course of action may be to delay treatment and re-examine the stand
after defoliation to assess extent of damage. and salvage potential.

igti ntl I wait 1 to 3 years for any subsequent
mortality. At that time, the stand can be re-evaluated to consider
regeneration cutting (based on damage level and stocking condition); deferred
cutting (as determined by sTockin? level, amount of damage, and stand
maturity); and salvage cutting or thinning (again determined by stocking, stand
condition, and damage level). A more comEIe're guide for silvicultural
treatment has been developed by Gottschalk.! A computerized,
decisionmaking expert system is under development that will automate the
selection of the proper silvicultural treatment based on the stand and insect
conditions present.

Pesticide Applications

Seven approved insecticides, both synthetic and biological, are used as
aerial sprays to control gyf)sy moth populations. These products give adequate
control when used properly. Most are applied when larvae are in very early
developmental stages and when leaves are about one-third expanded.
Pesticide and application costs vary by size of project, type of eguipment,
materials used, and terrain of the treated area. Total costs in 1985-86 ranged
from $4 to $12 per acre for large areas. Additional information and assistance
lnf lanning spray projects can be obtained from local forest pest management
offices.

No Action

Taking no action is sometimes the best choice. If projected effects of
gypsy moth are not expected to affect management goals significantly,
Brudenf managers may elect to take no action and *take their chances.”

nger these circumstances, no action probably is the most cost-effective
option.

'Gottschalk, Kurt W. Silvicultural guidelines for forest stands threatened
by the gypsy moth. USDA For. Serv., Northeast. For. Exp. Stn., Gen. Tech. Rep.
In preparation.
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SUMMARY

The gypsy moth has moved south and west from its original confines in
New England and has spread out to infest a large portion of the Nation’s
hardwood forests. Repeated outbreaks have left its impact on all sections of
the forest community. The pest has affected recreation, wildlife habitat, water
yield and quality, and local timber markets. As the gyPsy moth continues its
invasion of new areas, new questions and concerns will arise. Information and
guidelines presented here will provide forest managers with a better
understanding of what to expect and serve as a basis for improved decisions
for coping wth the pest. One finding that deserves special mention is the
great amount of variability in loss attributed to the insect. It follows that
planning for cost-effective gypsy moth control programs should aim at forest
stands most sensitive to heavy damage, with efforts made to identify such
areas and hold damage to acceptable levels.
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A R E GYPSY MOTH POPULATIONS
I N NORTH AMERI CA REGULATED

AT LOWwW DENS I TY?

Joseph S. ElklInton, Jull R. Gould,

Dept. of Entomology, Unliversity of Massachusetts,
Amherst, MA 01002 USA; Andrew M. Llebhold, Northeast
Forest Exper Iment Statlon, U.S.D.A. Forest Service, 180

Canfleld St., Morgantown, WV 26505 USA; Harvey R.
Smith, Wllllam E. Wallner, U.S.D.A., Forest Service, 51
MI Il Pond Rd., Hamden, CT 06514 USA

INTRODUCT ION

Campbell and Sloan (1978a, Campbell 1975) theorized
that gypsy moth populations In North America exhiblt
bimodal stablllty. By this they meant that Increases In
gypsy moth density are compensated by Increases In
mortallty at two levels of denslity (Fig. 1). At high
denslty, Increases In mortallty from dlsease,
particularly from nuclear polyhedrosls virus (NPV), along
wlth starvation prevent further Increases In gypsy moth
density. At low denslity, populations are stablllzed
primarlly by avian and small mammal predatlon. Campbell
belleved that the white footed mouse, Peromyscus
leucopus, was the major gypsy moth predator among a
community of small mammals that Included several specles
of shrews (Smith and Lautensclager 1974, 1981).
Parasitism In this scheme played a minor role.

Campbell s model has been clited (Berryman et al.
1987) as an example of a simllar general model proposed
by Southwood and Comins (1976) who belleved It was
characteristic of many Insect specles. According to the
model, outbreaks occur when, for one reason or another,
the population rises above a threshold level above which
the predominant low density mortallty agent (In thls case
smal |l mammal predation) Is Inversely denslty dependent.
In this Intermedlate range of density the populations
grow exponentlally Into outbreak phase.

Campbell and Sloan (1978b, Campbell 1975) added a
spatial component to this model to explaln why hligh
density gypsy moth populations may persist for many
years. They suggested that Indlividual populations, on the
scale of a few ha, may col lapse to low densitlies wlthin
one or two generatlons after attalning outbreak phase. On
a reglonal scale (many 100 ha), however, populatlions rise
and col lapse asynchronously, and flirst Instar larvae
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dispersing from high denslty populatlions ellclt outbreaks
In surrounding stands. Hligh density populatlons across
the reglon are thus malntalned for ca. one decade.
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Fig. 1. Hypothetical percent mortality caused by the principal sortality agents maintaining binodal
statllity in gypsy moth populations in North America (redrawn from Campbell 1975, Berryman et al. 1987)

Since 1984, we have conducted fleld studles almed at
testing varlous aspects of thils model. We have fol lowed
gypsy moth populatlions on three permanent plots on Cape
Cod, Massachusetts. Each year we monltored changes In
gypsy moth denslty throughout Its Ilfe cycle. Measuring
gypsy moth larval density Is difflicult because the larvae
are highly moblle and a varlable proportlion of them seek
daytime resting locatlons In the Iltter. After
evaluating several approaches, we settled on denslity
estimates based on counts of frass particles (Llebhold
and ElkInton 1988a,b). The method entalls makling counts
of the number of frass particles falllng per m2 Into
large plastic funnels durling an overnight sampling perlod
whille simultaneously measuring the number of particles
produced per Indlvidual larva over the same Interval. The
ratlo of these two measures constltutes an estimate of
the number of larvae per m2. Pupal and egg mass counts
are made wlthin ard above flxed-radlus samplie plots.
Neonates per egg mass are determlined by collectlon and
rearing. With these technlques, we have been able to
generate survivorship curves (Flg. 2.) which I|llustrate
that the predomlinant mortallty occurs durlng the late
larval and pupal stages on these sltes. These flndlings
are entirely conslistent wlith those of Campbell and Sloan
(1977, Campbell et al. 1977).
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Figure 2. Survivorship curves for gypsy moth at three sites on Cape Cod, MA 1985-1987.

In order to estimate the Impact of paraslitism and
dlsease, we made weekly collectlons of larvae and pupae
from these plots and reared them Indlividualiy In 30 ml
- cups on artlificlal dlet In an outdoor Insectary. We
determined the proportlion of these larvae that dled from
different sources of mortal |ty over the subsequent week.
Because the temperature condlitlions In the Iinsectary
approximated those that were experlenced by the fleld
populatlions, we bellieve that the mortallty observed
constltutes a reasonable estimate of the mortallty caused
by these agents in the fleld population durlng the same
Interval.
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Figure 3. Proportion of gypsy moth larvae dying each week from various parasitoid spp. and disease in
a low density population on Cape Cod, 1985.
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Filgure 3. lllustrates the temporal pattern of mortallty
from different agents that are characteristic of low
density gypsy moth populations on these sltes.

Our results Indicate that Parasetligena sylvestrlis

always caused higher mortallty than any other paraslitold
when gypsy moth densities were low. P. sylvestrls emerges
from the late larval and pupal stages and accounts for
part of the large drop In density that Invarlably occurs
during this period (Fig. 2.). At high densitlies, other
parasltolds become dominant, especlally Brachymerla
Intermedla and Blepharipa pratensls. Of course, such
rearings detect mortallty from parasitism and disease but
not from other agents, notably predators. The total
mortallty caused by these other agents Is estimated from
the fractlon of the total decline In density which
remalned unaccounted for after measuring mortallty due to
disease and parasltold emergence. This residual mortallty
Is usually larger in magnlitude than the total mortallty
caused by disease and paraslitism during the late larval
and pupal perlods (Filg. 4).

@ PARASITISM & DISEASE MORTALITY
RESIDUAL MORTALITY

& 3 8 8
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Fig. 4 Comarison of mortality of gypsy moths occurring between the fourth instar larva and pupal
stages caused by parasitisa plus dissass versus residual mortality (which includes predation) at 3 sites on
Cape Coc' 1984 - 1987.

Because predation was obviously a majJor mortallty
factor, we Initliated separate studies of the Impact of
aviar and smal!l mammal predation on these populatlions.
Aviar predation was studled In collaboratlion with T.
Lloyc-Evans of Manomet Bird Observatory and R. Holmes of
Dartmouth College. We obtalned a detal led census of the
density of the varlous breeding birds on our plots. We
also determined what proportion were feeding on gypsy
moth by examining gut contents from emetic treated birds
captured In mist nets and by making direct fleld
observations of bird feeding activity. The results of
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these studles wll!l be presented elsewhere (Elkinton et
al. in prep.) but the concluslons were that, whlie many
blrd specles fed on gypsy moth larvae to a small extent,
they were not a major component of the dlet of any of the
common specles on our plots. We suspect that the Impact
of avian predatlion on gypsy moth dynamics |Is minor.

Small mammal predation was studled by deploylng
pupae on burlap covered boards (Smith and Lautenschlager
1981) which were placed In the |ltter on our plots on
Cape Cod and In western Massachusetts. In low denslity
populations In North America, most gypsy moth pupae are
found In the |ltter. We measured the dally rate of
predation on these pupae by small mammals and by
Iinvertebrates, which were distlingulshed by the kind of
feeding damage that we observed. We view the predation
rates that we measure with thls technique as an Index of
predation and not a direct measure of the predatlon on
naturally occurrling pupae because the latter would depend
In part on the proportlion of pupae that were located In
protected sltes above the I|lltter. We also measured smail
mammal populatlion density using mark recapture techniques
and Sherman [ive traps. As Smlith and Lautenschiager
(1981) dliscovered, smal!l mammal predatlon was much
greater than Invertebrate predation and P. leucopus was
usually the most abundant Insectlivorous smalil mammal In
our live traps. Furthermore, there was a strong poslitive
correlatlon between total predatlion on these pupae and P.
leucopus populatlion denslity both on the Cape (Flg. 5A.)
and western Massachusetts (Flg 56B.).
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Fig. 5. Daily proportion of gypsy moth pupae consumed by vertebrate predators versus density of P.
leucopus on A) 3 sites on Cape Cod and B) 16 sites in western Massachusstts.
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EXPERIMENTAL MANIPULATION OF POPULATIONS

Thus far, the analyses of our |Ife table data from
Cape Cod support the conclusions of Campbell and Sloan
(1977, Campbell et. al 1977). More detalled analyses wll|

be presented elsewhere (ElklInton et al., In prep.).
However, there has been much discussion In the recent
ecologlical |lterature about the shortcomings of

traditional studies of this type In which |I|fe tables are
col lected over a long serlies of generations and analyses
such as those of Varley and Gradwell (1960, 1968) are
applled. Acquislition of such data requires a substantial
and long-term commitment of resources. Even so,

selectlon of an Inappropriate spatial scale on which to
conduct the study (Heads and Lawton 1983, Hassell 1987)
and a varlety of statistical problems (e.g. Kuno 1971,
Royama 1977) may obscure the ldentification of key
factors and the operation of density dependent mortallty.
Several of these authors have advocated exper imental
manipulation of populations as an alternative or
supplement to such |Ilfe table studies. For this reason we
have conducted a serles of experiments which Involve
deploying different densitles of gypsy moth egg masses on
exper imental plots and then collecting data on
survivorship and sources of mortallty. These studies have
been conducted In western Massachusetts and on Cape Cod.

In 1987 we released fleld-collected gypsy moth egg
masses onto eight 1 ha plots In western Massachusetts
that had < 10 naturally occurring gypsy moth egg masses
per ha. The plots were located In a region that had
exper lenced extremely sparse populations for the previous
flve years. The eggs were released just before hatch
which was timed to coincide with the hatch of naturally
occurring egg masses and with bud break of the oak
speclies on the sites. In this manner we created larval
gypsy moth populations In four density categories,
ranging from ca. 43,000 *to 1,140,000 neonates per ha. The
highest densities would be characteristic of outbreak
populations, whereas the lower densitlies would be
characteristic of non-defollating, moderately low density
populations. We monitored the change In larval density on
these plots as the season progressed, using frass traps
and ccunts under burlap bands and we collected larvae
week |y from these plots and reared them on dlet.

The resulting survivorship curves (Fig. 6) indlcate
that the populations on all sites coilapsed to a very low
level, especlially In the highest denslity plots.
Converting the total mortallty to a k-value (varley &
Gradwel |l 1960) and regressing agalinst LOGig(neonate
density) proved that the total mortallty was denslity
dependent (slope =1.87 p=.004). Further detalls are
provided in Gould et al. (1989). The principal agent
responsible for this dramatic declline In density was the
Tachinld parasltold Comps!lura conclnnata. During the
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late larval period, |t caused more mortallty than any
other agent Including residual mortallty (l.e.
predation). Of all the paraslitolds It was the only one
exhlblting significantly density dependent mortallty.
Unilke the other dominant larval parasltolds common on
gypsy moth In North America, C. conclnnata has many
alternate hosts. This fact may explain why |t was present
In large numbers In the experimental reglion even

though gypsy moth populations In the area had been very
sparse for many years.

HL‘ L5 16
1E4

NUMBER GYPSY MOTHS / HA

1 + + + + 1 i + + + + o
/1 5/21 6/10 6/30 7/20 8/9 S/1 5/21 6/10 6/30 7/20 8/9
DATE

Figure 6. Survivorship curves obtained from A) two high density and B) two low density gypsy moth
populations created on 1 ha piots in western Massachwusstts by releasing field collected egg massss. Four
other plots of intermediate Initlal densities showed sigllar patterns of strvivorship that were intermediate
between those shomn here. For detalls see Gould et al. 1989.

In contrast, Parasetligena sylvestrlis, a gypsy moth
speclalist, showed Inversely density dependent attack
rates (based on the proportion of larvae bearing the
large macrotype eggs of this Tachlnld) during mid-larval
Instars but this pattern switched to positive density
dependence during late larval Instars. We think that the
most |lkely explanation for this result Is that more P.
sylvestris aggregated In the high density plots compared
to the low density plots but Initially the numbers of
larvae In the high density plots was so much higher that
percent mortallty was Inversely density dependent.
However, as larval density decllned markedly during the
late larval stages, the higher number of P. sylvestrls
females In the high density plots were able to cause
denslty dependent mortallty. The mortallty caused by
Cotesla melanoscela was density Independent and whereas
Phobocampe dlsparls mortallty was Inversely density
dependent. Despite the large amount of mortallty observed




from parasltolds durlng the larval stages, the largest
rate of mortality (hence k values, I|llustrated by the
slope of the survivorshlp curve In Flgure 6) occurred
between the late larval and adult stages (based on
subsequent egg mass counts). We found no evidence of
pupal parasitism and the results of experiments Involving
deployed pupae In these plots (Gould et al. 1989) suggest
that small mammal predatlon was the princlpal source of
mortallty during this perlod. This filndlng was conslistent
wlth our results on Cape Cod (Flg. 2) and the earlier
concluslons of Campbell and Sloan (1977, Campbell et al.
1977) .

In 1987 we performed simllar experiments on Cape
Cod, Massachusetts. The results of these trlals are
presented in Llebhold and ElkIinton (1989). The flndlings
were much the same as those from western Massachusetts.
We wltnessed the same elevated levels of paraslitism In
the 1 ha ptots In which we had released large numbers of
neonate gypsy moths compared to plots whilch were not
manlipulated and which contalned much lower gypsy moth
densltles. Sandra Wl Imot and col laborators (Tom ODel |,
personeal| communlicatlon) have obtalned simllar results in
Vermont. All of these studles Indicate that parasltolds,
particularly C. conclnnata, can respond to local
Increases In gypsy moth denslty In a strongly denslty
dependent fashlon and may play a role In suppressling
Inclplent outbreaks.

Wlth these experIments we have demonstrated strong
spatlally denslty dependent responses. Whether spatlally
denslty dependent responses translate Into temporal
denslty dependence and can stablllze a host populatlion Is
matter of debate In the recent ecologlcal |lterature
(Hassell 1985, 1986, Dempster and Pollard 1986). Temporal
denslty dependent paraslitlsm occurs when percentage
parasltism Increases with Increasling host denslity In a
single populatlon over a serles of host generatlons.
Typlcally thls occurs because the number of paraslitolids
surviving to the next generatlion Increases wlth
Increasling host denslity. In systems wlth dlscrete
generatlons |t Is usually expressed as delayed denslity
dependence In which highest values of percent paraslitlism
occur cne or two generatlons after the host populatlon
densltles have decllned from peak levels. At present we
have Ilttlie evidence for such a response for gypsy moth
parasltolids In North America. Several of the domlnant
specles face severe constralnts that would |IImit between-
generatlonal Increases. For Instance, C. conclnnata has
obl lgate alternate hosts whose abundance may |Imit any
such response to changes In gypsy moth denslty (Culver
1919). C. melanoscela is severely |Imited by hyper-
parasltoids (Weseloh 1978). Other specles only become a
signlfizant source of mortality In high denslty gypsy
moth populatlions, for example B. pratensls and B.
Intermedla, and are therefore unllikely to play an
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Important role In malntalning the apparent stabllilty of
low denslty gypsy moth populations. Of the majJor gypsy
moth parasltolds that are abundant at low density, only
P. sylvestrls appears to be a major candldate for
unconstralned generatlon to generatlion numerical response
to gypsy moth. At present, we have Insufficlent
Informatlon to say whether thils parasltoid shows such
delayed density dependent responses In North Amerlcan
gypsy moth populatlons. Evidence from European
populatlons suggest, however, that thlis parasltold may
play an Important regulatory role In European gypsy moth
populatlons (Montgomery and Wallner 18989).

The Importance to gypsy moth population dynamics of
the strong spatially density dependent parasltism that we
have demonstrated remalns to be determined. The levels
of paraslitism by C. conclnnata that we observed In the
artiflclally elevated populatlions on Cape Cod far
exceeded the levels we have ever observed In any of the
naturally occurring populations over a large range of
gypsy moth densltles In our nearby, permanent ||fe-table
plots. We suspect that the most I|lkely explanatlon of
this result Is that a high denslity population on a small
spatlal scale (1 ha) surrounded by a large reglon In
which gypsy moth densltles are very low, ellclts
aggregatlion by large numbers of C. conclnnata. In
contrast, when gypsy moth populations densltles Increase
over a much larger area, the aggregatlion of C. conclnnata
Into any one stand would be much less pronounced.
Consequently, we think that the abllilty of spatlally
denslty dependent parasltism to regulate low denslty
gypsy moth populatlons and to decimate Incipient
outbreaks probably depends on the spatlial scale on which

such populations are synchronized. |f gypsy moth
denslitles Increase simultaneously over a large reglon,
parasltold aggregatlion Is probably of |lttle consequence.

I1f, on the other hand, gypsy moth populatlons Increase on
the scale of an Indlvidual stand, spatlalty denslty
dependent paraslitism may play a very Important regulatory
role.

IS SMALL MAMMAL PREDATION DENSITY DEPENDENT?

We have demonstrated experimentally that
parasltolds can exert strong spatlally denslty dependent
mortallty on gypsy moth populatlions. What about small
mammal predation? The model of Campbell (1975, Flg.1)
requlres that small mammal predation show poslitlve
density dependence In low denslity gypsy moth populations.

Let us consider the manner In which a
generalist predator such as Peromyscus |eucopus could
regulate a prey populatlion (l.e. cause denslty dependent
mortallty). A very basic l|dea In populatlion ecology Is




that denslty dependent predatlon (or parasltism) can
arise from two sources: the numerlical and functlonal
responses. (Solomon 1949, Holllng 1959, 1965). The

numer ical response Is an Increase In the denslty of the
predator or paraslitold In response to the Increasling prey
denslity. It may arlse from an Increase In fecundlty or
survival of predators or parasltolds due to Increasling
prey denslty or It may arlse from aggregatlon of
predators or parasltolds Into a reglon of hligh host
denslty. The functlonal response Is an Increase In the
number of prey consumed or parasltlzed by each Indlvidual
predator or paraslitold due to an Increase In prey
denslty. We belleve that It Is unllkely that a long |lved
generallst predator such as P. leucopus wlll show much If
any numerlcal response to Increases In gypsy moth
denslty. There |Is consliderable evidence that Increases In
food supply can have an effect on P. leucopus denslty,
but usually It Includes overwintering food supply (Smlth
and Lautenschlager 1981). Late Instar gypsy moth larvae
and pupae represent an ephemeral food resource that
occurs when other food supplles are plentlful. We
therefore belleve that Increases In gypsy moth density
wlll have llttle Impact on P. leucopus survival or
reproduction. Furthermore, previous work has shown that
gypsy moth pupae are not highly preferred over other
common food sources (Smlth and Lautenschlager 1974).
Because P. leucopus occuples speclflc home ranges of

I Imlited size (ca. 0.1 ha, Stlckel 1968) we thlink there
wlll be little If any aggregatlion of this small mammal
Into areas of hligh gypsy moth denslity.

Denslity dependent small mammal predatlon, If It
occurs at all, probably arlses from a functlonal
response. As Intelllgent predators with a high capaclty
for learning, they are |lkely to exhiblt a type II1|
functional response (Holllng 1959, 1965) caused by
swltchling to gypsy moth from other food sources or by
learnling to forage speclflcally for gypsy moth In
response to an Increase In gypsy moth denslity (Flg.
7C,D). This change In foraglng activity may Include
aggregatlion to clumps of hlgh host density wlthin the
home range of the small mammal. Thus, aggregatlon (but on
dlfferent spatlal scales) may contribute to both the

functlonal and numerlcal response. In the absence of
such learning or changes In foraglng actlvity, we would
expect the functlonal response to be type II, In which

the number of prey consumed per predator Increases wlth
prey density at a steadlly decreasling rate (Flg. 7A,B)
The Importance of type |l versus type ||| responses |Is
that the functlonal response Is denslty dependent only
durlng the accelerating, low density phase of the type
11l response. Ultimately, all predators have a [Imited
capaclty for consumptlon, so both type ||l and type 111
functlonal responses approach an upper asymptote. In
other words, even the type |1l functlonal response is
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ultimately Inversely density dependent and therefore
destabllilizing at densities above the threshold deflined by

the poilnt of Inflectlion In the type 11l sigmoid curve.
This fact explalns the central feature of the Campbel |
model: at some low - Intermediate density, there exlsts a

threshold above which total mortallty Is Inversely
denslty dependent and gypsy moth populations grow wlthout
check Into outbreak phase. Note the simllarlty between
percent predatlon Indicated In Fig. 70 and that due to
small mammal predation In Fig. 1.

TYPE 1[I FUNCTIONAL RESPONSE

A B

NO. EATEN PER PREDATOR
PERCENT MORTALITY

TYPE I FUNCTIONAL RESPONSE
c D

NO. EATEN PER PREDATOR
PERCENT MORTALITY

PREY DENSITY PREY DENSITY

Figure 7. Hypothetical number and corresponding percentage of prey conamed as a function of
prey density in Holling’s (1359) Type Il (AB) and Type Ill (C,0) functional respanses.

In our studies of predation rates on pupae on Cape
Cod (Flg. 8A) we deployed pupae In populations with
naturally occurring populatlons of dilfferent denslties.
The results of these and simllar experiments In the
artificlally created populatlions In Western Massachusetts
(Flg. 8B), Indicate Inverse denslty dependent predation.
SIimitarly total mortallty during the period from fourth
Instar to pupae In the populations on Cape Cod was also
Inversely denslty dependent (Flg. 2). These flndlngs are
consistent Campbell’s model which predicts Inverse
denslty dependence In the range of densitles above the
low density equlllbrium point.
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Figure 8. Proportion of pupas predated by vertebrate predators versus density of naturally
ocouTing pusae on A) 3 sites on Cape Cod 1985-1387 and B) on the eight experimentally created populations
in western Wsssadhusstts, 1987.

To examlne the relation between pupal denslty and
predation more closely we conducted the following
exper Iment. Along a 5§ km transect In oak forests near
the Quabbln Reservolr In western Massachusetts we
deployed laboratory reared pupae In 1 m x 1 m and 20 m X
20 m plots. Plots were located at Intervals of ca. 100
m. Gypsy moth pupae attached to smal! squares of burlap
were placed In the litter In these plots. Each plot was
stocked with a number of gypsy moth pupae ranging from 3
- 400 per plot. We compared the predatlion rates by small
mammals on these pupae to that experienced by single
pupae deployed at least 50 m from the nearest plot wlth
multiple pupae. We ran thls experiment 3 times In late
summer after any naturally occurring pupae had eclosed In
a reglcn that had had extremely sparse gypsy moth
populatlions for the previous 5 years. The results
(Flg. 8) Indlcate no evidence for positive denslty
dependent predatlion at any level of denslty and the
expected Inverse denslty dependence at hligher denslitles
presumably due to predator satlatlon. We have conducted
siml lar exper iments Involving pupae deployed over longer
tIme perlods and on larger spatlal scales. The results of
these experiments wli|l be presented elsewhere but the
concluslons were the same. We found no evidence for
posltive denslty dependent predation by small mammals. On
the other hand, Smlith (1985, thls volume) deployed pupae
In repl!lcated plots In three 2 ha sltes at densltles of
237, 712 and 2481 pupae per ha. He found a sligniflicantly
hligher rate of predatlion at the two high denslty sltes
compared to the low denslty slte. Whether thls result was
due to the dlfferences in gypsy moth denslity between the
sltes cr other factors we do not know. Obviously, more
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work needs to be done to determine whether or not small
mammal predatlion Is poslitively denslty dependent over the
lower range of gypsy moth denslty.
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Figure 9. Proportion of gypsy moth pupae deployed in 1 X 1 m and 20 X 20 m piots that were
cansupad by vertebrate predators over three day test periods. Numbers above each bar Indicate number of
replicates conducted at each density.

In concluslon, our studles Indicate that small
mammal predatlion Is probably the key mortallty factor In
the populatlions we have studled. It causes greater stage
speclflc mortallty than any other source of mortallty and
It varles greatly from year to year and place to place.
The varlatlion In predatlion could easlly cause varlatlion
In the number of female pupae surviving to the next
generatlion by several orders of magnltude.

Our results provide strong support for the notlon
that small mammal predatlon Is Inversely denslty
dependent at hligher levels of gypsy moth denslty as
Campbel | ‘s model suggests (Flg. 1). However, we do not
have flrm evidence that small mammal predatlion Is
poslitively denslty dependent at lower levels of gypsy
moth denslty. We would not be surprised |f future
research demonstrates some level of type |1}l functlonal
response to gypsy moth pupae In these predators.

However, we belleve that such a response, If It occurs,
wlll probably be small In comparlson to the many thlings
that cause varlablllty In small mammal predatlion.
Examlne, for Instance, the enormous changes In small
mammal denslty and predatlon that we observed between
1986 and 1987 at our sltes In western Massachusetts (Flg.
5B). Not only does small mammal populatlion denslty vary
greatly, but so does the avallablllty of alternate foods
which can also have a dramatlic Impact on predatlon rates,
as the research of H.R. Smith (thls volume) clearly
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Indlcates. At best, small mammal predation on low denslty
populatlions Is extremely denslty vague (sensu Strong
1984); so vague In fact that It may be essentlally
Indistingulshable from denslity I|Independent predatlion.
Indeed, we think It Is entlirely possible that low denslty
gypsy moth populatlions may not be regulated at all. At
low denslitles, mortallty from small mammal predators Is
extremely hligh so that most populatlons experlence Illittle
net growth. We agree wlith the arguments of Morrlison and
Barbosa (1987), Murdoch et al. (1985), and others, that
such populatlons, fluctuating asynchronously and coupled
by dlispersal, may show apparent stablllty on a reglonal
scale. These arguments constltute a low denslty analogue
to the spatia!l model of Campbell and Sloan (1978b) for
high denslty gypsy moth populatlons.

SUMMARY

Gypsy moth |lfe table studles conducted on Cape Cod,
Massachusetts, supported the concluslons of Campbell and
Sloan {1977, Campbell et al. 1977) that the predomlinant
mortallty In gypsy moth populatlions was predatlion
occurring durilng late larval and pupal stages. P.
|eucopus appeared to be the domlnant source of predatlion
and predatlion rates were highly correiated with P.
leucopus denslty. However, predatlion by P. leucopus was
Inversely denslty dependent. We saw no evidence for a
type 111 functlonal response or for posltlive denslity
dependence at low gypsy moth denslty as predicted by the
model of bimodal stablllty In gypsy moth populatlons
proposed by Campbell and Sloan (1978a).

Ir addltlonal experIments, we created artlifliclal
populatlons of gypsy moth on 1 ha plots on Cape Cod and
In western Massachusetts by releasing dlfferent densltles
of fleld collected egg masses. We observed a dramatic
col lapse of all these populatlons caused primarlly by
denslty dependent paraslitism from C. conclnnata. These
findIings suggest that spatlally denslty dependent
parasltism by thls specles (and perhaps P. sylvestris)
may play an Important role In regulating low density
populatlions. The Importance of thls phenomenon to gypsy
moth population dynamics remains to be determined and we
bel leve that It depends on the degree to which changes In
gypsy moth populatlon denslty are synchronlzed over a
large area. We think It :s possible that low denslty
gypsy moth populatlons are not regulated but fluctuate
asynchronously which, coupled wlith dispersal, leads to
apparent stablllty on a reglonal scale.
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TH E C@N'TR @ O F Loy measn & g ds a di Sip ar:z

SOME GENETIC AND BEHAVIOURAL

CONSIDERATIONS

Cyril A. Clarke, Department of Genetics, University of Liverpool,
P.0. Box 147, Liverpool L69 3BX, England.

Ernst Mayr wrote to me recently and told me that some years ago a
new outbreak of dispar totally devastated the vegetation around his
country house in New Hampshire. The massiveness of the infestation
had been unbelievable - he counted 140 egg masses on the trunk of a
single cherry tree. It was the first outbreak in his area for some
twenty years, and he pointed out that the first instar larvae can
apparently be carried by strong winds for hundreds of miles. When they
land, at considerable densities, in an area free of parasites and path-
ogens, they multiply explosively. His outbreak soon subsided, as a
result of viruses, bacteria and Braconid wasps. However, from this in-
formation I draw the conclusion that the only way to suppress dispar is
by concentrating on areas where it is known to be endemic, since geo-
graphical "anticipation" is unreliable.

Let us now consider some methods of attacking the insect.

a) Manipulation of the sex ratio.

It is well known that in the USA and Canada there are no distinc-
tive dispar races, probably because of the founder principle, which
meant that the original genetic stocks were very small in number (see
Wood and Way, 1988). In Japan on the other hand racial differences are
marked. Sterile intersexes may tharefore occur when races are hybrid-
ised and Goldschmidt (1931, 1934) made a special study of these. As a
result, attempts have been made to suppress dispar in the USA by intro-
ducing sterile males (Mastro et al., 1981).

E. B. Ford and I thought it was worth repeating some of
Goldschmidt's crosses and re-evaluating the results using a modern
technique. We came to an entirely different conclusion, particularly
regarding Goldschmidt's most striking cross, that between the race in
Hokkaido and the one in the Aichi region of Japan (Clarke and Ford,
1980, 1982, 1983 and 1984).

The new technique consisted of testing somatic cells for the pres-
ence or absence of a heteropyknotic body which Smith (1945) had shown
to be present in females of the spruce budworm (Archips fumiferans)
whereas the males lacked it. The same was found to be true in most
species of Lepidoptera (Traut and Mosbacher, 1968) (Fig.1).
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The procedure is as follows: using sharp dissecting scissors, an
abdominzl proleg from the larva (Fig.2) is removed, and enougl tissue
can be scraped from the inside of the proleg to make one good prepara-
tion, the material being teased out and spread as thinly as pcssible.
After amputation each larva is kept separately and cotton wool applied
to the wound. The larvae recover, and there is no deformity in the
perfect insect. In the adult, gut or Malpighian tubule cells are used,
from freshly killed insects (see appendix for staining technique).

In the cross female Hokkaido X male Aichi we confirmed
Goldschmidt's finding of a big excess of males, but Table 1 shows that,
as judged by Smith testing, they were normal males and not transformed
females. The moths selected were taken at random, as were the larvae,
which we usually tested in the «th or 5th instar, sometimes earlier.

As a control the pure races were also tested and here the overall sex
ratio was near unity, and the larval Smith testing tallied with the sex
of the moth. In Table 1 on only one occasion (brood 16510) was an
individual scored as positive ard yet developed into a completely male-
like insect; this was Smith negetive zs an adult. We have occasionally
found similar discrepancies in testing pure races, the Smith test not
being entirely free from error.

From our broods there seems no dcubt that Goldschmidt was wrong
and that the excess of males was the result of the Haldane (1922)
effect (see appendix) the female embryos or tiny larvae dying because
of genic imbalance.

Our F1 males and the two F1 females were fertile and further evi-
dence comes from the F2 and back cross broods, where there was a much
more normal sex ratio, supporting Haldane$ 'rule’'. The details of these
F2 and back cross broods are given by Clarke and Ford (1983) and in the
same paper the sex ratio in some reciprocal crosses showed an excess of
males, arguing against Goldschmidt.

b) Juvenile growth hormone as a possible suppressor of L. dispar.

Since the discovery of the juvenile hormones there has been much
interest in the synthesis of anzlogues for use as insect control agents,
but I do not know whether they have enjoyed any commercial success as
far as dispar is concerned. But I believe that none of the syathetic
compounds has closely resembled in chemical structure the natural
Jjuvenile hormone. However, with the recent discovery of juvenile hor-
mone III in the Malaysian plant Cyperus iria there may be more hope
(Toong et al., 1988). A summary of their Nature paper follows:

Third stadium grasshopper r.ymphs fed on the Malaysian plant
Cyperus iria ate normally and ccntinued to grow and moult just like
control insects during their twc subsequent instars. Following the
final moult, however, 90% of the adults were abnormal compared to con-
trol animals reared on wheat seedlings. Typical transposition effects
were observed, including twistec wings and colour changes reminiscent
of treatment with excess juvenile hormone. In addition, the ovaries of
femzles raised on C. iria contained markedly under-developed eggs com-
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Figure 1. Cells from the proleg of L. dispar stained
to show the absence a, (male) or presence b, ¢
(female) of the heteropyknotic body.
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Figure 2. Proleg of L. dispar larva.



TABLE 1.

OUR BROODS OF THE CROSS FEMALE HOKKAIDO X MALE AICHI
(GOLDSCHMIDT'S MOST CRITICAL CROSS)

No. of adults results of Smitn-testing as
Qur No. of adults results of Smiti-tested larvae. (In dead larvae in-
brooc Saith-tested Smitrn-testing prospectively fermation about the gonads
no: Offspring as motns L of adults a5 larvae is given where known.)
16508 45 &F s & 25 neg. i & 4 neg.
16509 33 & 2i & 21 neg. 2 & 2 neg.
2
1651:C L2 & 25 d%ﬂ 25 neg. 13 &' 12 neg. 1 pos. as larva
but neg. in botn gut and
Malpighian tubules as
acult.
S larvae died. all neg.
{all naa testes)
2 99 it 1og + i pos. 1y 1 pos.
16513 n & T &7 T reg 0 2 larvae died, both neg.
16514 31 & 5 & 15 neg. 2 & 2 neg.
2 died as larvae, both neg.
1 died as larva unscorable.
In addition four small
16514 larvae were killed.
All had testes and were
Smith-negative in the cells
of the gut.
15519 18 d%? s dzﬁ 13 neg. [} 2 larvae died; 2 killed

and dissected, both had
testes; 2ll 4 neg.

The two females appeared normal except that they were intermediate
as regards colour between Aichi females (dark) and Hokkaido females
(white). One female was mated to a sib and the other was back-
crossed to a Hokkaido male. Both females were fertile and produced
no intersexes.



pared with controls, and these famales laid no egg cases.

The detection of very high levels of JH III in the leaves of C.
iria anc the demonstration of clear morphological effects on insects
raise some intriguing ecological implications for these plants in their
native habitat. Furthermore, it is clear that C. iria and otlrer
species represent a valuable source of JH III for research purposes.

Whether juvenile hormone specific for dispar could be synthesised
and used as a spray I do not know, but if this could be done and the
expanse were not excessive it might be useful in areas where dispar is
endamic, and it would have no eZfect on other insect life. gee also
adéendum, p.13 and 14.

c) "Prototherapy"

Less specific at present is the work of a research team at the
University of Illinois which has developed a pesticide that kills in-
sects in a few seconds when they are exposed to light. The pesticide
is applied at night as a spray or as z bait for insects to eat. When
the sun comes up a chain reacticn is initiated which converts delta
aminolevulinic acid into proto-porphyrin, which destroys cell mem-
branes. The insects affected spin round, vomit and die within ten
seconds. The team is now attempting to provide insecticides on the
above lines which are specific for particular pests but otherwise harm-
less (New Scientist, 1988).

d) Clean air and the lack of genetic polymorphism in L. dispar.

It is first important to remember the proper definition of poly-
morphism. It is a type of variation in which individuals with clearly
distinct qualities exist together in a freely interbreeding single
population, for example, the different forms of female in the mimetic
butterfly Papilio dardanus, or the human blood groups. The definition
excludes several familiar types of variation. for example racial vari-
ation as occurs in L. dispar in Japan. This can be made clearer by
considering the Caucasian, Mongolian and Negroid races in Man. These
do not constitute a polymorphism since when interbreeding occurs the
hybrid populations are intermediate and variable. Seasonal forms too,
as in Araschnia levana, are excluded from the definition, since all
members of a generation are alike. Finally, continuous variation, as
in human height, is not an example of polymorphism. Here, as in racial
differences, many genes are at work and the variation is brought about
by the cumulative effects of segregation taking place at many loci, and
not by 'switch' genes giving rise to distinct alternative forms.
Genetic polymorphism is therefore not a characteristic of L. dispar,
anyhow for visual characters, although some isozymes conform to the
definition (Harrison et al., 19&3; Bevegovoy and Gill, 1986). The lack
of polymorphism in digEér might lead to its undoing. For instance, I
read wita interest that one way of subduing the pest was to improve the
queality of the trees so that they could better withstand defoliation.

A more concentrated attack on pollution might therefore help since
lightening of the bark would make male dispar more conspicuous to
predators. This is what we thirk has happened in England in the poly-




morphic Peppered Moth, Biston betularia, which we have surveyed at my
home for the past 27 years (Clarke et al., 1985). The graph (Fig.3)
shows how the proportion of the pale form of the insect has greatly in-
creased and the likelihood is that as a result of cleaner air there has
been a new critical level of backgrcund lightness at which birds fail
to see f. typica. This form would tken rapidly increase. 1In this case
the palymorphism saves the moth, but the lack of it could be disastrous
for dispar.

e) Molecular genetics (genetic engineering).

The essential feature of this rew discipline is that DNA fragments
from two different organisms can be combined to produce functioning DNA
molecules. In this way one is bypassing the barriers normally imposed
by sexual incompatibility. To do this, donor DNA - for example from a
patient - or any organism - is incorporated with the recipient DNA of a
virus which can infect bacteria. The hybrid DNA is therefore inserted
into a bacterium so that replication can take place and many copies of
the hybrid DNA can be produced. Theoretically therefore it is possible
to exchange a bad gene for a good one or vice versa.

I have thought a good deal about applying this principle to eradi-
cating L. dispar, but I could not see daylight, and neither could
several_gkperts whom I consulted. It seems that only an individual
moth could be 'engineered' and how any damage could spread to the whole
population of the moth unless it had compensating advantages (which
would probably be undesirable) is hard to see. On the plant side, how-
ever, the genetic engineers have given the tobacco plant a pesticide
gene (Hilder et al., 1987) but this is non-specific. An important new
angle is set out in the addendum, p.13 and 14.

f) Hybrid dysgenesis.(Eggleston & Kearsey 1980; Bregliano et al.1980)

This might be thought of as a naturally occurring example of
genetic engineering. It was much written about a few years ago and con-
cerned Drosophila. When strains derived from wild males are crossed
with long-established laboratory female flies, dysgenic (i.e. undesir-
able) traits occurred, e.g. enhanced mutation rates, chromosome aber-
ration, distorted segregation and sterility. The mechanism appears to
involve an interaction between the paternal genome and the maternal
cytoplasm, and results in genes changing places - "transposable ele-
ments".

Hybrid dysgenesis sounds most promising in relation to dispar, but
as far as I can make out it has never got further than the fruit fly,
and even there less is heard of it than formerly. Nevertheless, it is
worth remembering as there may be new developments.

g) Inbreeding.

This is often suggested without much thought having been given to
it. Consanguineous matings certainly lead to the appearance of dele-
terious genes in double dose, but tae argument can be turned so that if
the population is big enough the deleterious traits are got rid of and



Fig.3. The effect of the Clean Air Acts on Biston betularia.
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the species prospers. The Japanese nation is the best example of this
in modern times! Also, in dispar I cannot see how in practice one
could encourage inbreeding.

h) An attack via pneromones.

We have some observations here on the genus Orgyia. In England
bred Japanese 0. thyellina females assembled O. antiqua males to a far
greater number than did antigua females (Clarke 1979) - previously we
only knew that we had an occasional antiqua in our locality. Again,

0. recens and antiqua fly together but neither assembles the other, and
of particular interest is the fact that thyellina does not assemble

0. recens (Greenberg et al., 1982). Lastly, on the Great Wall of China
I conld not assemble any species of Orgyia using thyellina female
virgins that I had brought with me as pupae from UK. However I found,
adjacent to the Wall, a full-grown Vapourer-like caterpillar which pro-
duced (in China) a wingless female which looked very like antiqua, but
no males were attracted to it.

These results are puzzling, remembering that it is stated that all
species in the genus Orgyia have similar pheromones, but whether
measured by electroantennograms or by chemical means I am not certain.

In the case of dispar might it be possible to make some super-
attractant, perhaps from a combination of the pheromones of dispar and
monacha (see Leonard, 1981) which would parallel what happens with
thyellina and antiqua?

Conclusions (see also addendum, p.13 and 14)

My view is that the best way to deal with dispar is to alter the
moth's natural surroundings rather than employ ever more elaborate
pesticides which may cause other biological damage and in any case
engender antagonism. Although never a pest in England, in 1820 dispar
was quite abundant in some of the Fens and also in the Norfolk Broads.
However, Richard South, writing in 1892, states that somewhere about
the fourth decade the species began to decrease in numbers and towards
the end of the fifties it had practically ceased to exist as a wildling.
What was the reason for its failure to survive in some of its former
localities which still seemed suitable? Ford (1955) thinks there are
two main reasons; one is that the area they could inhabit would be a
minute fraction of that of the past, and small populations are in great
danger if subject to fluctuation in numbers. The other was that the
drainage of the Fens must have had a great effect on the areas that
remained causing local climatic changes, so that Fenland is now prob-
ably drier in winter, hotter in summer, and less subject to mist than
it was a century ago. Land reclamation has also caused an alteration
in the bird population, concentrating the true Fenland bird species
into very small areas and causing those normally found along hedgerows
and in agricultural land to colonise the Fens, so adding to the hazards
experienced by the insects which inhabit them. Such changes may well
prove fatal to species which are rather accurately adjusted to this
specialised environment.
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SUMMARY

The use of sterile males to upset the mating habits of L. dispar
is discussed and evidence produced tc show that the "Goldschmidt
phenomenon" is untrue; in his most critical cross the excess males are
fertile and the result of the Haldane effect, not intersexuality.

This was discovered by sexing the moth in its early stages and staining
for the heteropyknotic body which is present in female cells but not in
those of the male. The larva is undamaged by this technique.

Other means of controlling L. dispar are discussed, among them
the use of juvenile hormone, which would have possibilities if it could
be made specific. Inbreeding is dismissed as impracticable, but the
lack of a phenotypic polymorphism in the species might be exploited by
reducing atmospheric pollution and thus rendering all male dispar more
visible on tree trunks, as well as improving the nutrition of the
trees. A comparison with the polymorphic Biston betularia in UK is
mace.

In general the author feels that natural means rather than the
widespread use of pesticides should be used to control the moth, since
sudden geographical spread is difficult or impossible to anticipate.
If specific measures are used they should be employed in areas where
the species is endemic and not necessarily a pest. See also addendum
on pages 13 and 14 and for new hope in genetic engineering.

EPPENDIX

Definitions, and staining technique.

Intersexes: These are predisposed to by crossing races or species,
the effect being that an insect develops for a time as one sex and then
changes to the other, though th2 chromosomal sex remains that of the
original zygote. If the change takes place early enough in development,
e.g. at the formation of the gonads, the whole insect appears to be
sexually converted, whereas if it occurs later only those structures
formed curing the end of development, e.g. the wings, will be affected.
Intsrsexes are commonly regard=d as being sterile.

Haldane's "rule": Haldane (1922) stated that 'when in the F1 of a
cross between two animal species or races one sex is absent, rare or
sterile, that sex is always the heterozygous sex'. The rule holds well
in the Lepidoptera and here, when there is an upset in the sex ratio,
it is nearly always in the direction of a marked deficiency of the
heterogametic sex, i.e. females: nevertheless, F1 females do occasion-
ally 'get through'.

Haldane's explanation of the deficiency of females in the F1 was
that it is the result of genic Imbalance either between the X and the
Y chromosomes or between the autosomes and the sex chromosomes or a
combination of both. Thus there will be an intermediate effect between
the action of the complete set of genes for each race (or species) of a
cross in the homogametic sex, so that the sex balance is not impaired.
In the heterogametic sex, however, this holds good but only for the
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autosomes. The single X in the female is aligned with the Y, but part
of the Y is non-pairing and in this section the genes are non-allelic
with those on the X, and selection may cause them to be different in
the two races. The normal XY balance may therefore be upset and it is
assumed that this has pathological effects in the female.

F1 hybrids may, like intersexes, be sterile, but they are often
normally fertile or may have hybrid vigour. Thus they differ from
intersexes.

The sex chromatin staining technique: The cells are not fixed
before staining. Two drops of 2% orcein in 45% acetic acid are placed
over the tissue and a coverslip added. After 10 to 15 minutes the
coverslip is firmly pressed to make a 'squash' preparation. The
'Smith' body, when present, can be clearly seen under a X 40 objective,
as well as under a X 90 (oil immersion) (see Cross and Gill, 1979).
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ADDENDUM

Since writing this paper I have come across two other pieces
of information which I think are worth mentioning.

A) Juvenile hormone and the gypsy moth (see p.3)

Professor R.P. Dales, Professor of Zoology at the Royal
Holloway and Bedford New College, University of London, asked the
entomologist in his Department, Dr. Peter Credland, for his views.
He did so as follows:-

"Juvenile hormone (JH) is a term now used to include a
number of native compounds found in insects. At least three forms
are known to occur, sometimes in combination, in different species.
There are also a number of factors with JH-like activity which have
been isolated from plants, the first being the 'paper factor'
discovered by Slama in Canadian fir balsam in 1961. There is a
rapidly increasing number of synthetic analogues of which
methoprene has been registered for several uses, notably the control
of some dipterous pests.

The major prcblem with the use of JH analogues is that they
are all fairly unstable and degrade rapidly under field conditions.
Since their action is effective only at certain critical stages in
the life histories of their targets, application times are most
important. Therefcre for species with several generations in
each year and imperfect synchrony in life histories, they are
expensive both in financial and in 'time' terms.

Chitin synthesis inhibitors are sometimes more stable and
diflubenzuron has been registered for gypsy moth control purposes.
These compounds are not hormones or their analogues but disrupt
the deposition of cuticle following and during a moult. As such,
they are known, with JH and its analogues, as Insect Growth
Regulators (IGRs).

For what it may be worth, I do not see the current generation
of JH analogues as serious contenders for the gypsy moth control
programme. Compounds with greater stability are required but then,
of course, effects on non-target insect species become a potential
difficulty. "

B) Genetic engineering (see p.7)

In the British Medical Journal of the 18th June 1988 there
was a leader entitled "Release of genetically altered viruses into
the environment", by D.H.L. Bishop, Professor of Virology in the
Institute of Virology in Oxford. 1In it he refers to an earlier
paper (Bishop 1986) describing hew a baculovirus (baculus = rod),
Autographia californica, well kncwn for producing nuclear polyhedrosis
in caterpillars, can be modified by genetic engineering to become
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more efficient and specific, by adding, replacing or deleting a
particular sequence of genetic infcrmation. For example, an insect
hormone gene can be inserted into the genetic make-up of the virus
so that early during a caterpillar infection the pest becomes
physiologically deregulated, causing it to stop eating. Baculo-
viruses are good subjects for genetic engineering as they can be
restricted in their host ranges to particular insect species and

do not infect or affect other invertebrates, plants or vertebrates.

Dr P. Entwistle, who Iis a colleague of Professor Bishop
and who is a participant in this symposium, can give more details
and tell us whether or not this particular form of genetic
engineering has been used in the ccntrol of L. dispar. It sounds
a promising treatment for endemic areas. -

BISHOP, D.H.L, 1986. "UK release of a genetically marked virus".
Nature, (Lond.) 323, 496.

BISHOP, D.H.L., 1988 "Release of genetically altered virusss into
the environment". Brit. Med. J., 296, 1685-1686, 18th June.
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MITOCHONDRIAL DNA AS A TRACER OF GYPSY
MOTH ORIGINS

Richard G. Harrison and Thomas M. ODell, Section of Ecology and Systematics,
Corson Hall, Comell University, Ithaca, NY 14853 and USDA Forest Service,
Northeastern Forest Experiment Station, 51 Mill Pond Road, Hamden, CT 06514

INTRODUCTION

The dynamics of gypsy moth populations have been a subject of considerable
interest to entomologists, primarily because of the periodic outbreaks of this serious
forest pest. A variety of empirical and theoretical approaches have been used in an
attempt to elucidate the factors responsible for the dramatic changes in population
density. In contrast, relatively little attention has been focused on patterns of genetic
variation within gypsy moth populations and on the genetic consequences of
population fluctuations. Furthermore, despite intense interest in the moth not only in
North America, but also in Europe and Asia, there has been remarkably little effort
devoted to documenting genetic variation among gypsy moth populations and to
deciphering its recent evolutionary history. Here we discuss the use of
mitochondrial DNA (mtDNA) as a genetic marker for gypsy moth - its utility as a tool
for documenting patterns of genetic relatedness among populations worldwide and
for studying local population outbreaks. We focus attention on two issues: (1) Can
mtDNA comparisons provide information on the source of the North American
introduction, relationships of European and Asian moths, and patterns of geographic
variation within east Asia? (2) Can mtDNA be used as a genetic marker within North
America to distinguish among persistent low density populations and to provide a
tracer of the origins of outbreaks?

Goldschmidt (1934) suggested that the origins of the genus Lymantria were in
southeast Asia and that this was also the original home of the gypsy moth. Lymantria
dispar is now found across central Asia, throughout Europe and in North Africa
(Giese and Schneider 1979). Its presence in the United States is clearly a result of an
accidental introduction in 1869 (Forbush and Fernald 1896). Goldschmidt (1934)
documented patterns of geographic variation, using a variety of morphological and
life history characters. He argued that the gypsy moth is extremely variable in Japan
and eastern Asia, but relatively homogeneous throughtout much of the rest of its
range. Such a pattern of variation is consistent with east Asian origins and with a
relatively recent spread of the moth across Eurasia. However, characters examined
by Goldschmidt and others (Pintereau 1980) do not vary concordantly, and patterns
of morphological and developmental variation may reflect local adaptation (rather than
common ancestry). Moreover, Goldschmidt's interpretation of his data on
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intersexuality (which served as an important component in his classification of
"races" of gypsy moths) has recently been challenged (Clarke and Ford 1980, 1982).
Clearly, more reliable genetic markers are needed to document patterns of genetic
relationships and to resolve the evolutionary history of the gypsy moth.

Allozyme data (Harrison et al. 1983) revealed significant differences in
frequencies between a Japanese population and populations across Europe. European
populations have lower levels of genetic variation and are relatively homogeneous
across a broad geographic area. The allozyme data also suggest that European
populations may be derived relatively recently from an east Asian ancestor. North
American populations exhibit virtually no allozyme variation (observed
heterozygosities ranged from 0.000 to 0.008), presumably a consequence of the
severe population bottleneck that acconpanied the introduction.

According to records of gypsy moth population outbreaks, which span several
decades in New England, certain discrete (2-10 ha in area) forest sites are historically
"first to be defoliated" (Bess et al. 1947; Houston and Valentine 1977). These sites
have a reputation for always having detectable gypsy moth populations. It has been
hypothesized that gypsy moths disperse from these susceptible forests, which serve
as reservoirs from which area-wide outbreaks emanate when abiotic or biotic
conditions change in adjacent stands. If these susceptible/focal sites are the sources
for periodic outbreaks and if genetic markers can be found that distinguish among
populations from these sites, such markers could be used to trace the origin and
spread of outbreaks.

Methods for assessing DNA sequence similarity or difference have recently
become important tools in population and evolutionary biology. Sequence variation
provides reliable markers for distinguishing populations and species, and sequence
comparisons can be used for estimating genetic relationships and inferring
evolutionary history. Dataon DNA variation in natural populations have come
principally from comparisons of restriction endonuclease fragment patterns and site
maps. Restriction endonucleases are enzymes that cleave double-stranded DNA at
specific recognition sequences. Digestion of alength of DNA with a restriction
enzyme yields a series of fragments, the number and sizes of which will vary
depending on where within the DNA the recognition sequence occurs. Differences in
fragment patterns following digestion of homologous sequences from two or more
individuals must reflect DNA sequence divergence. Therefore, fragment pattern
differences can conveniently serve as markers of genetically distinct lineages.
Moreover, comparisons of restriction fragment patterns or restriction site maps can be
used to derive measures of genetic distance among individuals or populations and can
provide data sets appropriate for phylogenetic analysis.

We have used comparisons of restriction fragment patterns and site maps to
examine sequence variation of gypsy moth mitochondrial DNA. MtDNA has a
number of properties that make it particularly attractive as a genetic marker in
population and evolutionary biology (Avise 1986; Avise et al. 1987; Moritz et al.
1987). First, it is relatively easy to isclate and purify. Second, there is no ambiguity
about the homology of the sequences being compared. Third, mtDNA is a small
DNA molecule (15-30 kilobases), a size convenient for restriction site mapping.
Fourth, mtDNA is maternally inherited and therefore provides direct information
about matriarchal genealogies. This property makes mtDNA especially useful in
tracing patterns of colonization. Fifth, there is no recombination between mtDNA
molecules, so that a series of restriction site differences form a completely linked set.
This provides exceptionally high resolution for discriminating common ancestry (e.g.
in identifying the source of a colonization event or an introduction).
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MATERIALS AND METHODS

Gypsy moths were collected from a series of sites in eastern North America
(Table 1). Four of these sites (ONT, MA, CT, PA) were selected to provide
individuals from geographically diverse populations. The other three North American
sites (VT1, VT2, RI) are localities that have been identified as possible "focal sites"”
by Houston and Valentine (1977). Moths from Japan and France were collected by
personnel at the USDA Agricultural Research Service's Asian and European Parasite
Laboratories, respectively, and shipped as pupae to the USDA Forest Service
Laboratory in Hamden, CT. Adults were frozen as they emerged and have been
stored at -80° since that time. These samples correspond to the France-2 and Japan
populations for which we have published data on allozyme variation (Harrison et al.
1983). Gypsy moths from China were brought back by one of us (TMO) following
visits to China in 1983 and 1987. Again, adults from each of these collections were
frozen as they emerged.

Table 1. Geographic origins of samples used for mtDNA analyses.

Region/Population nl

NORTH AMERICA (NA)
Ontario (ONT)
Vemmont 1 (VT1)
Vermont 2 (VT2)
Massachusetts (MA)
Rhode Island (RI)
Connectcut (CT)
Pennsylvania (PA)

DN LAN

FRANCE (FR)
Provence 6

CHINA (CH)
Heilongjiang Province (CH1) 4
Beijing (CH2) 2)

JAPAN (JN)
Hokkaido 6

1 n is the number of individuals for which
mtDNA data are available.

For a majority of the collections, total DNA was prepared from individual
frozen moths following standard procedures (e.g. see Harrison et al. 1987). For the
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three "focal sites”, isofemale lines (lines derived from single females) were reared and
pure mtDNA prepared from eggs taken from female progeny. Since mtDNA is
matemnally inherited (Avise 1986; Wilson et al. 1985), all progeny of a single female
will have identical mtDNA genotypes. In addition, we prepared pure mtDNA from
eggs of females from a standard laboratory strain (NJSS - Forest Service, see ODell
et al. 1985). Details of procedures for preparing pure mtDNA from gypsy moth eggs
will be described elsewhere.

In order to characterize variation in mtDNA restriction fragment patterns, total
DNA from each individual was digested with an array of restriction enzymes. The
resulting fragments were separated on 0.7% agarose gels, transferred to nitrocellulose
filters or nylon membranes and hybridized with a 32P-labeled pure mtDNA probe
(for details of this whole genome Southern blot technique see Maniatis et al. 1982).
Fragment patterns were visualized by autoradiography, and fragment sizes estimated
by comparison with a series of known standards.

Having characterized restriction fragment patterns, we proceeded to construct
restriction site maps for each of the observed mtDNA genotypes. Maps were
constructed using information obtained from double-digests (Maniatis et al. 1982).
The restriction site maps (which will be presented elsewhere) enabled us to estimate
the proportion of restriction sites shared between different mtDNA genotypes and to
estimate the percent nucleotide difference between these genotypes.

The techniques described above are suitable for analysis of restriction fragment
patterns produced by cutting the mtDNA molecule into relatively few large fragments.
In order to obtain higher resolution, it is necessary to use restriction enzymes that cut
the mtDNA molecule into many (small) fragments. By so doing, we are able to
examine a much larger number of fragments (sites) and therefore assay a much larger
proportion of the mtDNA genome. Pure mtDNA from the isofemale lines derived
from moths collected at VT1, VT2 and RI was digested with enzymes that cut gypsy
moth mtDNA many times, i.e. enzymes that have recognition sequences that occur
many times within the mtDNA molecule. Following digestion, the resulting
fragments were end-labeled, using 32p_labeled nucleotides (dNTPs) and the Klenow
fragment of E. coli DNA polymerase. Labeled fragments were separated on 5% or
7% acrylamide gels and visualized by autoradiography. Note that this approach
requires preparation of pure mtDNA from each individual or isofemale line and will
not work on total DNA preparations. Pure mtDNA is difficult to obtain from frozen
material, and therefore, we did not attempt to use this approach on material obtained
from abroad.

RESULTS

Using the whole genome Southern blot technique, we characterized mtDNA
fragment patterns for moths from North America (ONT, MA, CT, PA), France (FR),
China (CH1 and CH2) and Japan (JN). Our survey included fifteen different
restriction enzymes, each of which produced 1-5 fragments. For most enzymes, the
survey included 26 moths (at least two individuals from each site - see Table 1), but
due to partial digestion and/or weak hybridization, data are missing for some
individuals for six of the enzymes. However, we have characterized fragment
patterns for the entire set of enzymes for individuals from each of the four major
collecting areas (NA, FR, CH, JN). Furthermore, we have mapped all restriction
sites for the fifteen enzymes - a total of 39-44 sites for each composite mtDNA
genotype.
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Except for a single restriction site polymorphism in the CH1 population, we
found no variation in mtDNA composite genotype within any of the populations or
even within any of the four major areas. The observed polymorphism involved the
absence of a single Mspl restriction site in one moth.

Although separated by 1000 km, the two Chinese populations had identical
mtDNA genotypes. They shared 39 restriction sites, with no unique sites found in
either population. The mtDNA genotypes of North American moths were identical to
those of moths collected in south France; these moths had 44 restriction sites in
common.

Despite the remarkable homogeneity within populations and regions, mtDNA
genotypes of moths from different regions exhibit substantial amounts of divergence.
In all of our samples (ignoring the single polymorphic site in the CH1 populations),
we observed only three composite mtDNA genotypes - one characteristic of both
North American moths and the single French population, a second characteristic of
the Chinese populations, and a third found in Hokkaido, Japan. The NA/FR
genotype differs from the CH genotype by nine restiction site gains or losses and
from the JN genotype by eleven site changes (Table 2). The two Asian genotypes
differ in the presence/absence of fourteen restriction sites, i.e. they are more different
from each other than either is from the NA/FR genotype. The number of restriction
sites shared between mtDNA genotypes (and the total number mapped for each
genotype) are summarized in Table 2.

Table 2."Number of mtDNA restriction sites mapped for each population or region
(on the diagonal) and number of restriction sites shared between pairs of populations

NA FR CHlI CH2 JN

North America 44 44 37 37 36
France 44 37 37 36
China 1 39 39 32
China 2 39 32
Japan 39

We used the method of Nei and Tajima (1983) to estimate genetic distances
among the three genotyres - in terms of the percent nucleotide difference (Table 3).
Nucleotide sequence divergence between gypsy moth mtDNA genotypes ranges from
2.1-3.6%. If gypsy moth mtDNA sequences are evolving at about the same rate as
those in vertebrates, the differences among the three genotypes reflect divergence
times of 1-2 million years (the rate of mtDNA sequence divergence between lineages
is generally estimated to be 2-4% per million years in vertebrates- see Brown 1985,
Wilson et al. 1985).
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Table 3. Estimates of the percent nucleotide sequence divergence between gypsy
moth mitochondrial genotypes.

NA FR CH IN

North America 00 00 21 2.6
France 0.0 21 2:6
China 00 3.6
Japan 0.0

If useful genetic markers are to be found within North American gypsy moth
populations, we clearly must resort 0 higher resolution techniques. That is, we must
assay a larger proportion of the mtDNA genome. We have recently initiated a survey
using restriction enzymes that cut gypsy moth mtDNA into many (40-60) fragments.
Gel banding patterns of such complexity are difficult to interpret, but our intitial goal
is simply to discover whether any mtDNA polymorphism exists within North
America and whether individual morphs are unique to specific localities. The
preliminary data involve comparisons of moths from three "focal sites” within New
England - two sites in Vermont (VT1 and VT2) and one in Rhode Island (RI). There
are clearly polymorphisms, i.e. differences in gel banding patterns. At this point,
however, we have not discovered any restriction fragment patterns that are
characteristic of only one site.

DISCUSSION

Mitochondrial DN A composite genotypes, defined by the presence and absence
of restriction endonuclease recognition sites, provide high resolution markers which
clearly define maternal lineages. The utility of mtDNA as a marker in both inter- and
intra-specific comparisons has been clearly demonstrated for a variety of animal
species (Avise et al 1987; Moritz et al 1987). Our preliminary data on mtDNA
genotypes in worldwide gypsy moth populations indicate that this molecule will be of
considerable value as a tracer of gypsy moth origins.

The existing mtDNA diversity within North American gypsy moth populations
is a function of the original diversity of genotypes that escaped in Medford.
Massachusetts in 1869. Because mtDNA is both maternally inherited and effectively
haploid, the effective population size for mtDNA is only one-fourth that for nuclear
gene markers. Hence mtDNA genotype diversity is particularly sensitive to
population bottlenecks and founder events. If more than one mtDNA genotype were
present immediately after the introduction, the chance extinction of certain maternal
lineages may have led to a subsequent decrease in diversity. This would be opposed
by an increase in variation due to the accumulation of mutations in L. dispar
populations in the 120 years since the introduction. The extremely low level of
mtDNA diversity observed within North American gypsy moth populations suggests
that the original founder event involved very few moths.

However, the absence of mtDNA restriction site differences between moths
collected in North America and those collected in France (Provence) suggests that
French populations may also exhibit very low levels of variation (in which case the
amount of variation within North American populations also refects the absence of



271

variation in the source population). Itis thought that French moths were the source
of the North American introduction (Forbush and Fernald 1896; Burgess 1944), but
the exact site from which they came is not known. If significant mtDNA variability is
present within French populations, then we have fortuitously sampled a population
that has a mtDNA genotype identical to that introduced into North America. It seems
far more likely that French populations of L. dispar represent a single mtDNA
genotype (with respect to the restriction sites that we have mapped). If true, this
would suggest that French (and perhaps all European) gypsy moths are relatively
recent arrivals or that recent population bottlenecks have reduced mtDNA diversity.
Data from other characters (e.g. morphology and development (Goldschmidt 1934),
allozymes (Harrison et al. 1983)) also suggest homogeneity of gypsy moth
populations across Europe. Indeed, Goldschmidt (1934) went so far as to say that
across much of Eurasia the gypsy moth "behaved practically as a unit". We find
significant differences in mtDNA genotype between French and Chinese populations,
but no differences between two Chinese populations that are separated by at least
1000 km.

Although Goldschmidt (1934) argues for an east Asianorigin of the gypsy
moth, there is little direct evidence for deciphering the evolutionary history of this
important insect pest. Our data suggest that mtDNA may be a good marker for
tracing the Asian origins of European (and North American) gypsy moth populations.
The marked differences among the French, Chinese and Japanese mtDNA genotypes
reflect a relatively ancient divergence. It is probable that several (many) other distinct
genotypes will be found upon further sampling of Asian moths. It is possible that a
genotype very similar to that found in Europe and North America may be present in
east Asia. Given that mtDNA is a set of completely linked markers, it provides
excellent discrimination between common ancestry and convergence and will allow us
to trace phylogeographic patterns with considerable confidence. With only three
distinct genotypes, we cannot yet draw any conclusions about the population
phylogeny of the gypsy moth. Based on mtDNA comparisons, French moths are
more similar to Chinese moths than they are to those collected in Hokkaido, but the
differences in genetic distance are not signficant. The observed divergence between
French and Japanese gypsy moths is consistent with earlier observations based on
allozymes (Harrison et al. 1983).

Obviously, additional sampling of east Asian populations should be a high
priority. Recently, we have discovered that satisfactory total DNA preparations can
be made from ethanol preserved specimens. This may allow us to circumvent the
obvious problems associated with importing live Asian material into North America.

One advantage of the approach we are taling is that it allows us to gain a very
high level of resolution in distinguishing lineages. Our ongoing studies of mtDNA
variation in North American gypsy moth populations have not yet provided any
markers that distinguish among the sites we have sampled. However, we can clearly
identify mtDNA restriction fragment pattern variants within populations. At this point
we are not sure whether these reflect variation in presence/absence of restriction sites
or size variation of the gypsy moth mtDNA (i.e. small insertions or deletions). In
either case, these mtDNA variants may prove useful either in continuing attempts to
document the genetic structure of North American populations or in release
experiments in which it is important to have a presumably neutral genetic marker.
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SUMMARY

We have initiated a study of mitochondrial DNA restriction site variation within
and among gypsy moth populations from North America, Europe and Asia. MtDNA
is an excellent marker for determining the history of colonization and introduction.
One objective is to use mtDNA comparisons to decipher the recent evolutionary
history of the gypsy moth. For the small set of populations sampled to date, we find
no restriction site differences between North American and French moths (and no
variation within North America for the 44 mapped sites). However, there are many
site differences between these moths and those from China and Japan and even
greater differences between the two Asian localities. Theseresults suggesta
relatively ancient divergence among existing gypsy moth lineages. The approach
used here would seem to hold great promise for determining the source of European
populations. Additional sampling of east Asian populations is a high priorizy. Our
second objective is to develop high resolution techniques that will provide us with
mtDNA markers within North America for tracing the origin of local outbreaks and
perhaps for use in sterile male releases.
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SUMMARY

Progress in the current program to develop the sterile insect
technique for control of gypsy moth, Lymantria dispar L., is
reviewed. The discussion includes a synopsis of radiation biology
studies, competitiveness evaluation of sterile adults, and field
testing of three application techniques. A field test involving
the release of fully sterile male gypsy moths was successful in
eradicating an isolated population, but labor demands were high and
execution was logistically difficult. Releases of partially
sterile males in another isolated population was equally
successful in that their Fj progeny were observed the year after
release and eradication was achieved. But again, this approach was
logistically and economically costly. The current method of
releasing F; eggs (progeny of irradiated males and normal females)
is described. These egg masses can be produced and stockpiled in
the laboratory in large numbers. Release of Fj egg masses prior to
native egg eclosion establishes a population of sterile insects
that ultimately mate with the native population, imparting a
suppressive effect. Treatment of a sparse, isolated infestation
using this technique resulted in population eradication and other
results indicate promise for use in control of low density,
isolated populations. Problems associated with estimating native
population densities, determining the impact of treatment, and
evaluation of competitiveness of immature and adult stages are
discussed.
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INTRODUCTION

Investigations into the use of the sterile insect technique
(SIT) for gypsy moth, Lymantria dispar, control were initiated over
thirty years ago (Godwin et al., 1964), Godwin's work and studies
by other investigators using gamma radiation and chemosterilants to
induce sterility were reviewed by Mastro et al., (1981). Although
this early work laid the basis for establishing the radiation
biology of the gypsy moth and resulted in some early field trials,
there were practical barriers to the successful demonstration of
SIT as a control technique. Some technological problems that
prevented progress in this approach included lack of: 1) adequate
rearing techniques, 2) evaluation criteria and techniques for
measuring insect competitiveness and 3) techniques for monitoring
densities of wild populations and the subsequent impact of a
sterile insect release.

However, even if the technical problems confronting
development of the SIT were overcome, the inconsistent management
policies and objectives that have persisted almost since the gypsy
moth's introduction into North America (Dunlap, 1980; McManus &
McIntyre 1981; Ravlin et al., 1987) may have proven a greater
barrier. In the 1960's and 1970's, no overall management strategy
prevailed within the area generally infested by the gypsy moth.
Objectives of management programs ranged from prevention of
defoliation, abatement of nuisance, protection of esthetics,
protection of high value timber and watershed protection to no
action when defoliation threatened. Control programs tended to be
defensive and were reactions to outbreak or near outbreak insect
population densities. Use of the sterile insect technique would
have been of little practical value in this type of reactionary
situation, Because of the inherent density-dependency of the
technique, it would not be practical or economical to rear sterile
insects in large enough numbers to overflood these types of
defoliating populations. However, techniques such as SIT can
theoretically be used in area-wide IPM programs where the emphasis
is on population maintenance at densities well below defoliating
levels.

Despite quarantine measures, introductions of the gypsy moth
occur yearly outside of the generally infested area, largely
through the movement of outdoor household articles. The United
States Department of Agriculture, Animal and Plant Health
Inspection Service, in cooperation with individual states,
maintains a survey and detection program for identifying these
introduced populations (Ravlin et al., 1987; Schwalbe, 1981). The
policy for introduced populations has been clear: to eradicate
populations as quickly as possible. In the past, these eradication
programs mainly utilized applications of chemical insecticides.
These introduced populations are isolated from the generally
infested area and are usually detected when they are sparse and of
limited size (usually less than 200 ha). The sterile insect
technique can theoretically be used economically in these
circumstances, Enhancing the SIT's value in these situations is



the public's increasing resistance to broadcast insecticide
applications in residential areas where, because of the mode of
transport, these infestations are usually detected.

The area generally infested by the gypsy moth is also
increasing through natural spread. Along this expanding edge, no
uniform management strategy prevails. Currently, there is an
ongoing dialogue about the feasibility of containmer: or a slowing
of the rate of natural spread of gypsy moth. A stated objective of
the Appalachian Integrated Pest Management (AIPM) Project, a large
demonstration program along a portion of the leading edge, is to
"minimize the spread and adverse effects of the gypsy moth within
the project area". This objective implies treatment of newly
established and numerically sparse populations along the expanding
edge of the currently infested area. Theoretically, this is an
ideal place for the application of SIT, when applied in combination
with other management tools. If populations are carefully
monitored in an IPM program, intervention measures could be
initiated when populations are sufficiently sparse for sterile
release to be biologically and economically feasible.

How the SIT will ultimately fit into the varied management
strategies for gypsy moth is the subject of much discussion. If
the strategy involves suppression or eradication of sparse
populations, then the potential for use of SIT is promising. The
challenges are greater to develop the technology for management of
large infested areas in the Eastern States. Reevaluation of the
SIT technique for gypsy moth control was undertaken in 1977 because
of developments in mass rearing techniques (Bell et al., 1981), a
broader understanding of the insect's biology and behavior, and the
recognized need for alternatives to chemical control.

EVALUATION OF CLASSIC STERILE INSECT TECHNIQUE

Our initial approach evaluated the use of the sterile insect
technique in the "classical" way: large numbers of fully sterile
adult insects are released to "overflood" a wild population. In
this approach, as the overflooding ratio of sterile:fertile (wild)
insects increases, the probability of successful mating between
wild adults decreases, which results in population suppression.
The first major success using this technique was a small
eradication trial for the screwworm fly, Cochliomyia hominivorax
(Coquerel), over thirty years ago (Baumhover et al., 1955). Since
that time, the technique has been successfully applied to a number
of pest species. Perhaps the most widely known are extensive
programs for the control of the Mediterranean fruit fly, Ceratitis
capitata (Wiedemann) (Patton, 1982; Rode, 1970; Steiner et al.,
1962).

Initially, we investigated the radiation biology of the gypsy
moth and the competitiveness of laboratory reared males.
Irradiation studies demonstrated that near total sterility was
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induced when males were exposed to 15 krads of gamma radiation
(Cobalt 60) as pupae or adults, and somatic damage was minimized
when pupae were treated 8 days or more after pupation. Evaluation
of laboratory reared male moths (irradiated and untreated)
indicated that they were competitive with their wild counterparts.
Laboratory and field tests evaluated male longevity, flight
behavior, pheromone response, mating periodicity and frequency and
other competitive indices. Table 1 summarizes competitiveness
traits examined (see Lance et al., 1988; Mastro, 1980; Waldevogel
et al., 1982),

Table 1. Behavioral traits examined for competitiveness
comparisons of adult male gypsy moths.

Field comparisons using mark-release-recapture techniques

Pupal eclosion periodicity

Adult dispersal periodicity

Response to pheromone sources and periodicity of
response

Response to pheromone sources as a function of male age
Horizontal and vertical distribution in the forest
canopy

Field cage comparisons

Frequency of mating of males of various ages
Periodicity of mating
Length of mating

Laboratory comparisons

Response to pheromone (flight tunnel)
Periodicity of activity (actograph)
Propensity to fly (actograph)

Pilot Test of Sterile Insect Technique

In 1980, an isolated population in Berrien Co., Michigan, was
selected for a field evaluation of the impact of release of sterile
males, Males were irradiated (15 k) as pupae 8-11 days after the
pupal ecdysis. To facilitate release, pupal release containers
were positioned systematically throughout the infested area on a
50m grid in consideration of the relatively short dispersal
distances of male gypsy moths (Elkinton & Carde, 1980; Schwalbe,
1981; Schwalbe & Paszek, 1978). Male loss from a population is
rapid (Mastro & ODell, unpublished) and one or two-day old males
comprise the largest proportion of a male population which is
actively mating. To maintain high overflooding rates throughout
the wild flight period, sterile male pupae were placed at the
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release sites daily. Released sterile males were internally marked
with calco oil red dye. Sterile:fertile overflooding ratios were
carefully monitored by examining the abdomen of males recovered at
pheromone-baited traps for presence of dye. In addition, females
were placed daily throughout the release area to monitor mating
success. Egg masses produced by monitor females were evaluated for
hatch to determine the type of male parent (sterile male matings
resulted in no hatch). After three years of sterile male release,
the native population was eradicated. Based on analysis of the
observed sterile:fertile overflooding ratios, the native
population was reduced in a systematic and predictable manner
(Table 2). Released sterile males appeared to be highly
competitive with the target population.

Table 2. Results of treating an isolated gypsy moth population in
Berrien County, Michigan, with sterilel/ male gypsy

moths.
Observed sterile:fertile
rativs
No. of No. of

sterile males wild males Trapping Female
Year released/day trapped method = mating ratios
1979 0 90 - -
1980 10,000 274 14,4:1 59l
1981 10,000 50 128.6:1 29.8:1
1982 6,000 1 5842:1 287:0
1983-86 0 0 - -

Males irradiated as 8-12 day-old pupae with 15 krads.

Mean male trapping ratios were computed from daily ratios of
sterile and fertile males captured in traps during peak native
f}ight -~ 1979 (7/31-8/11), 1980 (8/1-8/10) and 1981 est. (8/1-
8/10).

Iy
N~

This pilot study also identified difficulties in the
operational use of the technique. Male pupae are large
(approximately 0.5g) and somewhat fragile, necessitating special
packing and shipping provisions to minimize damage and prevent
eclosion during transit. The release cages, which were designed to
eliminate predators but allow exit of eclosed moths, were costly
and difficult to maintain. Broadcasting pupae was considered as a
release strategy but rejected because of projected losses caused by
predators. However, as already mentioned, the major impediment was
the need to release males frequently throughout the flight period
to maintain desired overflooding ratios. The expense of



maintaining personnel at the release site throughout the adult
flight period added appreciably to the cost of applying the
technique. On the relatively small scale of this test
(approximately 2.59 km?2), the technical and logistic problems were
overcome. However, applying the technique on a larger scale was
judged to be impractical.

EVALUATION OF INDUCED INHERITED STERILITY

Our initial irradiation studies suggested that sterility was
induced in the Fj generation when the radiation dose was
approximately halved. Indeed, earlier investigators had induced Fj
sterility in the gypsy moth using low doses of radiation [reviewed
by Mastro (1981)]. The mechanism of inducing sterility in the Fy
generation has been investigated by Bauer (1967) and North & Holt
(1968). It is now generally believed that Fj sterility can be
induced in any lepidopteran species, and has been demonstrated for
a number of species and was reviewed by North (1975) and La Chance
(1985). Our interest in F; sterility stemmed from the theoretical
advantages of using it as opposed to releasing totally sterile
males (Knipling, 1969, 1970; Brower, 1980; Nielsen & Brister, 1980;
Carpenter et al., 1983).

Radiation Biology

To explore the feasibility of using the induced-inherited
sterility technique (F; technique) for gypsy moth, we initiated a
study of the radiation biology in 1980. Male gypsy moths were (Pjp)
irradiated at different pupal ages (6 groups) with seven levels of
radiation, i.e. 42 dose/age treatments. Irradiated laboratory-
reared males were mated with untreated laboratory-reared females
(50 pairs per treatment) and the resulting F; progeny were
evaluated in the egg, larval, pupal and adult stages. Egg masses
were evaluated for number of eggs, degree of embryonation and
percent hatch. Length of development and survival of other stages
were also observed and any abnormalities were noted. Resulting Fj
adults were incrossed within their own treatment group and
outcrossed to normal insects. In the F2 generation, insects were
evaluated in the egg, larval and pupal stages in the same manner as
their parents and again outcrossed to untreated insects and
incrossed within their treatment groups. All treatments ware
evaluated through the F3 egg stage and some selected treatments
were evaluated through the F; egg stage. All insects used in this
study were from a colony maintained by the Otis Methods
Development Center for twenty generations (NJS-Gpp) [see ODell et
al., (1984)] and were reared under standard laboratory conditions
as outlined by Bell (1981). Because of the quantity of data
generated, only a synopsis of this study will be presented.

Effects on P; Generation
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The results of our irradiation studies closely parallel those
of studies with other Lepidoptera species (Brower, 1979, 1980;
Carpenter et al., 1983, 1987). Debilitating effects of irradiation
on P} males are most pronounced in youngest pupal age classes at
the higher radiation doses. When males were exposed to only 4
krads 0-1 days after pupation, only 447 of the females produced an
egg mass vs., 987 in a control group. This effect was not observed
in the next older pupal age class (2-3 day old) until the dose was
increased to 8 krads, and not pronounced until the dose was
increased to 10 krads (i.e., respectively 787 and 367 of the pairs
produced egg masses). Also, when paired with males irradiated ‘in
younger age classes, those females that' did oviposit producéd fewer
eggs. Other effects noted were incomplete eclosion and -wing.
deformities of irradiated P; males. Hatings with males irradiated
in older age classes resulted in F; egg masses with high levels of
embryonation. Pairs with males irradiated with 15 krads.greater.
than 1 day old averaged 84.47 embryonation vs. 96.6% for -control
matings.

Hatch from F; egg masses produced by the various male
irradiation treatments is summarized in Figure 1. The degree of
sterility increased (i.e. the proportion of eggs which hatched
decreased) as the radiation dose increased from 2 to 15 krads.
Also, as the pupal age at irradiation increased, generally the
degree of sterility decreased. llowever, males irradiated in the
oldest age class (10-11 days old) were more sterile than the next
younger age class (8-9 days old).
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Figure 1. Mean percent hatch from F) egg masses which resulted
from mating males (treated at various ages with
different doses of radiation) with untreated females.



Effects on F; Generation

Survival of F; immatures from all treatment groups was
generally high (60-98%). The proportion. surviving, however, was
dose dependent; Fj larval survival decreased as the radiation dose
of the P male increased (Figure 2). At lower radiation doses
between age classes, survival rates were nearly constant. For
example, survival of progeny of males irradiated with 10 krads
ranged from 827 to 917, respectively, for the 2-3 and 8-9 day-old
age classes. Larval developmental time from eclosion to pupation
increased as dose increased. Mean larval developmental times (all
age classes) for F} male larvae for the 2 and 15 krad treatment
groups were, respectively, 30.5 days and 35 days. Developmental
times of female larvae were similarly dose dependent (i.e.
respectively 32 and 37 days in the 2 and 15 krad treatment groups).
LaChance (1985) states that delayed development of F; progeny may
be a common phenomenon. Also, as in studies with other
Lepidoptera, there was a male-biased sex ratio shift in the Fj
generation which resulted in an approximately 2:1 ratio at the 10
krad level of Pj treatment.

Characteristics of F) egg masses produced by incrossing and
outcrossing Fj adults from selected treatments are summarized in-.
Table 3. Generally, Fj insects whose male parents received higher
radiation doses were more sterile than those whose parents were
irradiated with lower doses.
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Figure 2. Survival and developmental times of Fj larvae that
hatched from egg masses produced by untreated females
mated to irradiated males. Data presented are mean
development times for all age classes at each dosage.
Mean percent survival for individual age classes are
represented by m.



Table 3. Viability and size of F) egg masses resulting from incrossing (within treatment groups) and
outcrossing F adults (progeny of an irradiated male and an untreated female).

Treatment of Pj__

Mating Mean no. of Mean percent Mean percent of
type No. successful total eggs of eggs total eggs
Dose Age xR mating pairs (n=25) produced embryonated which hatched
6 8-9 Fp xC 24 809.5 43.9 6.5
€ w Fy 21 747.5 74,7 13.0
F]1 x Fy 20 Sili2sa2 44,1 18
6 10-11 F; x C 21 673.0 46.1 13.0
C mFy 26 823.3 Tim2 13.6
F1 x Fp 24 659.4 31.8 152
8 8-9 F1 x C 21 612.4 22.1 152!
¢ = By 12 495,2 13.6 0.0
F1 x Fp 12 495,2 1356 0.0
8 10-11 F; x C 19 624.4 23.5 1.9
C xF 22 920.4 79.3 4,5
F1 xF 18 505.4 13.7 0.1
10 8-9 Ejx € 17 607.0 39.8 7.4
C xF 25 661.4 74.1 0.5
F1 x Fy 20 548.6 9.7 0.1
10 10-11 F; x C 19 460.1 16.8 0.1
€ x'Fy 22 622.8 66.8 0.9
Fl xF 16 584.3 10.9 0.1
Control € %€ 145 947.3 93.7 76.5

(n=150)

€8T
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Egg masses produced by crosses of F; males and untreated
females characteristically contained less than half the proportion
of embryonated eggs that normal crosses produced. Abnormal sperm
and poor eupyrene sperm transfer are possible explanations (Ashrafi
% Roppel, 1973; North, 1975; Brower, 1979; LaChance et al., 1979;
LaChance, 1985). At radiation doses of 6 krads or greater, the
degree of sterility induced in the Fj parents, as measured by
percent hatch of Fy egg masses, was relatively high for all age
groups and mating types. Generally, F; sterility increased as the
P; male parent's radiation dose increased. At lower doses, F
feinales outcrossed to untreatad males produced more highly
embryonated F) egg masses and more progeny than the reciprocal
cross. At higher radiation levels, and as total sterility is
approached, differences between the fertility of Fj males and
females disappears (Fig. 3).
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Figure 3. Mean percent hatch and 957 confidence intervals for F)
ezg masses, progeny of F}s whose P; male parent was
irradiated as 10-11 day-old pupae.

Effect on the Fy Generation

Survival and developmental characteristics of Fp progeny are
summarized in Table 4. Survival of Fy progeny resulting from
outcrossing either F; males or females from the 6 krad treatment
group was high (i.e. respectively 59.7 and 60.7%) vs 76.6% for
control insects. Length of larval development for both Fp males
and females from these same treatment groups also averaged oaly 1
and 2 days longer than control insects. Data from F) groups
originating from radiation treatments above 6 krads are limited
because F] sterility is high and few F; neonates were available for
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rearing. The limited amount of observations, however, indicate a
general trend of longer larval development times with increasing
dose.

Effects of radiation on fertility are apparently carried into
at least the Fp adult stage. F3 egg masses produced by outcrossing
Fy adults were less embryonated than control matings and had lower
proportions of eggs which hatched. Egg masses produced by
incrossing F) adults generally contain the smallest proportions of
eggs which were embryonated and which hatched. When progeny of
males irradiated with a dose as low as 2 krads were inbred for two
generations, reduced viability was noted (data not shown).

Effects on the F3 Generation

Survival and development of F3 progeny, regardless of the
parentage, approximates the control group better than the F2
generation. Survival of first instars to the pupal stage was
similar to control insects for nearly all treatment groups. Male
and female larval development times, however, were longer than
those of control insects. This difference, however, was not as
pronounced as in the F) generation. Although the radiation effects
are not as pronounced in the F3 larval stage, they still are
apparent. Incrossing and outcrossing F3 adults resulted in egg
hatch rates only slightly lower than control matings.

Competitiveness of Fis

Results of radiation biology studies defined potential
fitness deficiencies of F; progeny, e.g., longer larval
developmental times, decreased survival and possible poor sperm
transfer of F] males. How these and other characteristics would be
effected by natural conditions was our next area of investigation.

In preliminary studies we found that when F; larvae were
reared on excised oak foliage in an insectary or on caged oak
foliage, survival to the adult stage was significantly lower than
the survival rate of wild insects reared in the same manner (Lance
et al., 1983; 1984), Untreated insects from the laboratory colony
(NJS), from which F;s were derived, developed faster than wild
insects. Mean F; male larval developmental rate was approximately 1
to 2 days longer than wild immatures. Also, when unfed first
instar Fis were placed on branches of a host, they tended to
establish in a manner similar to wild first instars. However, a
larger proportion of first instars from the untreated laboratory
strain dispersed (Lance et al., 1982). We found that when late
instar larvae of three strains (NJS, wild and Fj) were released on
trees, patterns of activity were similar. However, F; larvae
tended to leave the tree more often than the untreated laboratory
reared NJS or a strain reared from field collected eggs (Mastro &
Schwalbe, 1986).

Adult F; male progeny paternally treated with three levels of



Table 4, Survival and development of F) larval progeny of incrossed and outcrossed F) adults from families
in which P) males in two age classes were variously irradiated.

Treatment of Pj

98¢

Mean male Mean female
Mating type No. of larval No. of larval Sex
of F1 parent neonates Percent No. of develop- female development ratig
Dose Age I x? infested survival male pupae ment time pupae time M:F
6 8-9 Fp xC 216 59.7 63 29.5 66 32.6 0.95
Cl B 264 60.7 73 29.8 75 32.7 0.97
F) x F 9 88.9 3 35.0 5 38.8 0.60
6 10-11 Fi x C 264 75.8 115 30.2 85 32.8 1.35
C xFy 260 70.4 113 30.6 70 32.0 1.61
F1 xF 52 76.9 20 29.7 20 32.4 1.00
8 8-9 F) x C 18 55.6 ] 32.0 8 37.2 0.25
C xF; 74 68.9 26 29.5 25 33.9 1.04
F1 x Fy None 1/ - - - - - -
8 10-11 Fp x C 26 53.9 6 34,4 8 35.9 0.75
C xF) 77 71.4 31 30.5 24 34.1 1.29
Fp x F} None 1/ - - - - - -
10 8-9 F} xC 136 60.3 54 30.0 28 34.6 1.93
¢ % By 6 33.3 i 34.0 1 38.0 1.00
F} x F) None 1/ - - - - - -
10 10-11 F] x C None 1/ - - - - - -
G x B 10 40.0 3 30.5 1 32.0 3.00
F1 x F) None 1/ - = - - - =
Control Group 3118 76.6 1382 28.6 1007 30.5 1.37
1/ Treatments where no Fy neonates were available for rearing.
2/ Sex ratios computed on the basis of the females' proportion equaling one.
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radiation (6, 8 and 10 krads as 8-11 day-old pupae) were compared
in field trials. Pupal eclosion, adult dispersal and response to
pheromone sources located at- various distances from the eclosion
site were monitored. In the parameters measured, there were not
significant differences between Fjs and wild or untreated
laboratory reared insects. In field cage studies designed to
evaluate mating propensity, F] males mated an initial time with
lab-reared females as frequently as did wild males, however, fewer
F1 males mated a second time on the same day, e.g., F1s mated 1.8
times vs. 3.4 and 2.5 respectively for wild and untreated
laboratory reared males (ODell & Mastro, unpublished). The impact
of this competitiveness shortcoming is still to be determined in
field tests. F; females generally attracted males and mated in
patterns similar to wild females (Mastro et al., 1987).
Competitiveness testing related to the areas just described is
ongoing in order to define more precisely, potential impact on the
overall competitiveness of sterile Fj progeny.

When considering a particular management objective (e.g.
eradication vs. suppression), the characteristics of F} progeny of
the various dose/age treatments must be considered carefully,
Treating Pj males with 10 krads in either the 8-9 or 10-11 day age
groups provides Fj progeny which are very sterile (see Table 3).
However, the proportion of Fj eggs which hatch is small
(approximately 34-407%, Figure 1), and mean larval developmental
times are approximately three days longer than that of control
insects and survival is reduced. Only a small number of F) larvae
result from outcrossing Fj adults from this treatment group (Table
3) perhaps making it the best irradiation treatment for eradication
programs. The fertility of the F; female and the survival of any
of her F) progeny should be closely scrutinized when making a
selection (Tables 3 & 4). Selection of a lower treatment dose (6
krad) provides F; larvae with a faster development time and a
greater number of F; adults (e.g. higher proportions of F; eggs
hatch and survive); these adults, however, are more fertile than Fy
progeny of males receiving higher radiation treatments and the
outcrossed F) female is more fertile than the reciprocal cross.
Although 6 krads may not be considered as a suitable treatment dose
when the objective is eradication, it may be a better choice for
population suppression purposes. Simulation modeling is essential
to accurately predict the consequences of various treatments and
release options.

Pilot study of F; technique

The information compiled from radiation and competitiveness
studies and the theoretical advantages of Fj sterility prompted us
to initiate a field trial. In 1982 an isolated, low-density
population in Horry Co., South Carolina, was selected. Irradiated
(10 krads) males treated as pupae (8-12 days old) were released
throughout the flight period. Release procedures were similar to
the fully sterile male release described previously. The site was
intensively monitored in 1982, and in the following year.
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Interaction with the native population was demonstrated, and the
population was declared eradicated in 1985 after two years of
negative pheromone-baited trap survey (traps deployed on a 268m
grid). Although the outcome cf the trial was positive, the
technique was nearly as difficult and costly as releasing fully
sterile insects. The theoretical advantage is that a greater
suppressive effect results from releasing partially sterilized
males because the Fj progeny of released males which mate with wild
females are available in the next generation for continued
suppression. In 1983 we began to consider the release of F; egg
masses (progeny of males treated with a substerilizing dose and
mated with untreated females). Since F; eggs can be easily
produced and held for months in diapause, large numbers could be
stockpiled either in the laboratory or at the release site under
field conditions. Just prior to native egg hatch, F; egg masses
could then be distributed throughout the target population.
Release rates, theoretically, can be adjusted to result in the
desired overflooding Fj:wild adult ratio, provided that the native
density is known, F; and native eggs hatch in synchrony, and
comparative survival and synchrony information on immature stages
is accounted for.

Reasonably accurate estimates of the native egg mass density
are essential to establish the desired sterile:fertile
overflooding ratios. However, in sparse insect populations where
application of this control technique should be considered, current
techniques for estimating egg mass densities are not sensitive
(Wilson & Fontaine, 1978). Studies with grids of pheromone traps,
have demonstrated a relationship between the proportion of males
captured and actual male density (Schwalbe & Paszek, 1978; Elkinton
& Carde, 1980). Currently, we use a technique based on pheromone
trap information for estimating densities in isolated populations.
The applicability of using trap information for monitoring
densities within areas that are continually infested is under
investigation (Ravlin et al., 1987).

F) Egg Mass Release Pilot Study

To date, nine isolated gypsy moth infestations have been
treated using releases of paternally irradiated F; eggs whose male
parent was irradiated. In addition, approximately 400 ha. of
infestation have been treated with Fj eggs at sites within the
endemic area (plot size ranged from 7.5 to 225 ha.) Generally, the
release and monitoring techniques described below are similar to
those used at all release sites.

To describe the details and effectiveness of the F; egg
release technique, the treatment of one isolated population in
Bellingham, Washington, is summarized below. The infestation was
detected in a residential area in 1983 through the use of
pheromone-baited traps. More intensive trapping in 1984 succeeded
in delimiting the boundaries of the infestation and capturing more
male moths (n=82). Also egg masses and larval and pupal exuviae
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were found. Based on the previously described relationship between
trap density and proportion of males captured, we estimated that
approximately 20 percent of the males were captured in 1984
resulting in a population estimate of 400 wild males. To arrive at
an estimate of the overwintering egg mass density, we assumed that
there was a 1:1 adult sex ratio during the 1984 flight period and
that all females mated and produced viable egg masses that survived
and hatched in the spring of 1985, The resulting estimate of 400
native egg masses may have been too high. Campbell et al., (1976a)
and others have shown that skewed sex ratios occur in sparse
populations. We assumed that the residential nature of the area
and the abundance of man-made objects would foster female larval
and pupal survival (Campbell et al., 1976b). At worst we believed
our native egg mass estimate would be too high and we would err
only in overflooding at a higher than projected rate.

The desirability of establishing a very high overflooding
ratio had to be balanced against other factors. Because we would
be releasing a feeding stage in a residential area with limited
numbers of ornamental and fruit trees, we did not want to release
numbers of gypsy moths which would produce objectionable
defoliation. We circumvented this problem by releasing numbers
which would provide the desired overflooding ratios and produce the
desired outcome, eradication, over a two-year period. Also, in
1985, the release area was thoroughly inventoried for numbers and
size of host trees in order to estimate the number of insects which
could be released without causing objectionable damage. Thirty-
four thousand F; egg masses were released in the initial year. We
calculated that this was equivalent to 13,600 "wild" egg masses
(wild egg mass equivalents = W,E.M.E.) in terms of the numbers of
adult males produced. The factors that were used to compute the
W.E.M.E. are the number of eggs per mass, reduced F; egg hatch, a
skewed 2:1 male:female sex ratio, reduced F; larval survival and
asynchronous development. Egg masses were distributed in 1985
according to location and size of host trees. Based on all of the
previously mentioned assumptions, the 1985 release density should,
theoretically, have produced a 34:1 F; sterile male:wild male
overflooding ratio. Based on the preliminary results of the
initial release, an additional 12,769 egg masses (5,108 W.E.M.E.)
were released in the spring of 1986, which should have produced an
overflooding ratio high enough to effect eradication. The
distribution of wild, immature insects located through sampling in
1985 was also used as an additional weighting factor in the 1986
release, i.e. more F] egg masses were placed at these sites in
1986.

The impact of the release was monitored using a variety of
techniques. To compare the proportions and synchrony of F; and
wild egg mass hatch, samples of both were held within the release
area in a screened enclosure designed to prevent escape, but which
maintained ambient temperature conditions. Larval hatch from
individual egg masses was generally monitored daily.

Theoretically, successful establishment and survival of Fj neonates
would be reduced if hatch of Fjs was out of synchrony with host
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development (Hough & Pimentel, 1978; Raupp et al., 1988).

Daily random samples of larvae and pupae were collected
throughout the release area to provide material for monitoring
developmental synchrony, survival, and overflooding ratios.
Collected larvae were placed individually in 44.4 ml cups
provisioned with artificial diet (Bell et al., 1981) and held in
the laboratory until type (i.=., Fj sterile or wild) could be
determined. Male larval type was determined using two techniques:
chromosome analysis and mating-egg mass evaluation,

A portion of the male larvae collected as first through
fourth-instars was typed by the examination of sperm cells, Type
was determined by scoring early metaphase cells for number of
normal pairs of chromosomes (normally n=31) and presence or absence
of translocations. Males wer2 typed as wild if two cells were
found with the normal numbers and appearance of chromosome pairs.
To type a male as an F) required observing translocations in two
cells.

Type of the second group of males (approximately half of all
larvae collected as first through fourth-instars and all fifth-
instar and male pupae) was determined by using a mating-egg mass
evaluation technique. Field collected insects were reared in the
laboratory until adult emergence. On the following day, one-day-
old adult males were mated to similarly aged virgin laboratory-
reared females. Resulting egg masses were held 30 days (25° C,
50%-60% RH) for embryonation and type determinations were based on
the proportion of eggs which were embryonated. The proportion of
embryonated eggs in each mass was compared using Chi-square
techniques with mean values for mating type 2 and type 4 (Table 5)
(Mastro et al., 1984).

Similar to the second group of males, all field collected
female larvae and pupae were similarly held until adult eclosion
and mated as one-day-old females to normal laboratory males.
Resulting egg masses were held for the normal 30-day embryonation
period and an additional 150 days (4-5° C) to satisfy diapause
requirements. A determination of the female type was then based on
percent hatch of the eggs. Characteristics of each egg mass were
compared statistically to mean values for percent hatch for mating
types 3 and 4 (Table 5). Holding egg masses produced by females of
unknown type is necessary because F; females, when mated to normal
males, produce highly embryonated egg masses often
indistinguishable from egg masses produced by normal mating pairs.
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Table 5, Characteristics of egg masses produced by incrossing and outcrossing
F; adult gypsy moths progeny of males irradiated (10 krad) as 6-11
day-old pupae mated with normal females.

Mean proportion Mean proportion
Mating type of eggs of total eggs
Type (male x female) nl/ embryonated SE which hatched SE
1 Fy x Fy S0 0.0910 0.0155 0.0012 0,0006
2 Fj x Normal 52 0.2630 0.0380 0.0277 0.0104
3 Normal x Fj 60 0.6711 0.0353 0.0088 0.0020
4 Normal x Normal 145 0.9374 0.0118 0.7653 0.0154

1/ Number of mating pairs producing an egg mass.

Sterile Fj:fertile wild male mating ratios were monitored by
placing one-day-old, virgin F; females throughout the release area.
In other studies, we found that normal laboratory-reared and F;
females attract and mate with wild males with the same periodicity
and frequency as wild females (Mastro et al., 1987). Egg masses
oviposited by these females were evaluated for male parental type
based on the proportion of eggs which were embryonated (Table 5,
mating types 1 & 3).

After the adult flight season, egg masses from the release
area were collected and evaluated for mating type. Evaluations
were based on the proportions of embryonated eggs and the hatch of
total eggs (Table 5). These field collected egg masses could
potentially be the progeny of all four possible mating types.

A 23.3 sq. km. area centered over the release area was trapped
throughout the adult flight period with USDA high capacity milk-
carton pheromone baited traps during both years of treatment.

Traps were placed on a grid at a rate of 13.9 traps/sq. km.
Trapping information was used to determine if the treated area was
adequately isolated from other infested areas, and to provide
estimates of the total adult male density during both treatment
years.

Results and discussion of treatment with F] eggs

Hatch from samples of wild-type and Fj egg masses during the
spring of 1985 was nearly synchronous. Wild egg masses were not
available for monitoring in the spring of 1986 but samples of Fj
egg masses appeared to hatch in synchrony with bud break of host
trees. Vild egg masses in 1985 produced a mean of 279 larvae per
mass while F] egg masses produced a mean of 162 larvae.

Results of evaluation of 1985 male larval samples provided
estimates of overflooding ratios close to those expected. Of the
466 male larvae that were typed using chromosome analysis, 458 were
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F1s and 8 wilds, resulting in a 57:1 Fj:wild ratio (Table 6). F;
larval establishment and survival studies on host foliage have
shown that most Fj mortality occurs in the first stadium.
Therefore, a better estimate of the eventual adult overflooding
ratio would be based only on determinations of later stadia larvae.
When only those insects collected after the first observation at
the release site of a fourth stadium larva are considered, the
Fy:wild ratio was approximately 32:1 (254 Fis and 7 wilds).

In all, 693 field-collected males were reared to the adult
stage and crossed with normal laboratory reared females for type
determination. Evaluation of resulting egg masses disclosed that
male parents of 677 of these samples were sterile Fis and 11 were
fertile wilds. 1In 5 cases, the proportion of eggs emoryonated was
not different than mean proportions of embryonated eggs for either
mating type (Table 5). If only the later collections of late
stadia larvae and pupae are considered, as in males typed using
chromosome analysis, the estimate of the overflooding ratio becomes
approximately 80 Fy:1 wild (n=483). Wild male larvae were found
widely scattered throughout the release area, indicating that the
native population distribution was well represented by trap
captures the previous year.

Results from sampling and evaluating female larvae and pupae
in the release site are consistent with results of male
evaluations. Of the 372 field collected females reared to the
adult stage and paired with normal laboratory-reared males, 309
produced egg masses which could be evaluated; 241 females produced
egg masses characteristic of a fertile male x F; female mating,
while 9 females produced egg masses characteristic of a fertile x
fertile mating. Of the remainder, 49 egg masses contained all
unembryonated eggs (i.e., possibly did not mate or had an F; male
parent) and 12 females produced egg masses with characteristics
which could not be distinguished from mean values of the two
possible mating types. Computing a female overflooding ratio from
these data results in an approximately 27 Fj:1 wild ratio.
Theoretically, the Fj:wild female ratio in the field should be
approximately half the male ratio because F; egg masses produce
adults in an approximately 2:1 male to female ratio. The observed
overall female Fj:wild ratio in 1985 of 27:1 was approximately half
of the observed male ratios arrived at by chromosome analysis
(57:1) and mating-egg mass evaluation (62:1). These female data
have not been separated to exclude early stadia larvae.

In 1985 monitor Fj females produced 93 egg masses which could
be characterized as being the result of a mating with an F; male
(n=88) or a wild type male (n=5). The calculated overflooding
F1:wild ratio is 17.6:1. An additional 734 egg masses coulc not be
characterized because they contained all unembryonated eggs.
Unembryonated egg masses can be the result of an F] male mating or
no mating. Undoubtedly, some of these 734 egg masses were the
result of an F; male mating, but it is impossible to separate these
from egg masses produced by unmated females. In unpublished
studies we have determined that mated females begin to oviposit



293

soon after mating (generally within an hour), while unmated females
generally do not begin to oviposit until they are 3 days old or
older. Unfortunately, we did not note when the monitor females had
begun to oviposit in 1985. In 1986, we recorded if oviposition had
commenced when the female was retrieved and if not, how soon
afterward, in an attempt to separate females producing
unembryonated egg masses into mated and unmated categories.

After the 1985 adult flight period, 63 egg masses were
collected from within the release area. These egg masses could
potentially be progeny of all four mating types. Of the 63 egg
masses collected, 1 was determined to be from a (male x female)
wild x wild mating, 7 from wild x F; matings, 19 from F; x Fy
matings and 17 from F; x unknown female matings. The computed
mating ratios follow: sterile to fertile male 5.1:1 (n=43) and
sterile:fertile female 26:1 (n=27). This female ratio agrees with
the ratio from female larval and pupal collections. However, the
male ratio is much lower than the predicted ratio or the ratios
determined by larval sampling or monitor females. The difference
between these male ratios is unexplained. Overall, the ratio of
sterile egg masses (where at least one parent was an Fj) to fertile
egg masses (both parents fertile wilds) was 62:1.

Pheromone traps in 1985 captured a total of 869 males and 745
of these were captured within the release area. The remaining
males were captured within ca. 0.5 km of the release site.

It was only possible to collect a small number of immature
male insects (n=39) during the 1986 larval and pupal sampling
period. Of these, 30 males could be evaluated. Five of these were
dissected for chromosome analysis and all were typed as Fjs. The
remaining males were reared to the adult stage and mated with
normal females. Twenty-four produced egg masses characteristic of
an F) male parent and 1 produced an egg mass characteristic of a
wild male parent. Based on all males, the Fj:wild ratio was
calculated as 29:1.

Also, in 1986 twenty-six field collected immature females were
reared to the adult stage. Mating of these females with normal
laboratory males resulted in 14 egg masses on which a determination
could be made. Thirteen of these egg masses were evaluated to be
from F) females and 1 was determined to be from a wild female.

Of the monitor F; females placed in 1986, 116 of these
produced egg masses determined to be the result of an F) male
mating. No monitor females produced an egg mass which could be
characterized as the result of mating with a fertile male.

Trapping in 1986 resulted in 209 males captured within the Fj
release area. This was approximately 287 of the males captured in
the same area in 1985 (n=745). This roughly corresponds to the
reduced numbers of Fis released in 1986 (357 of the 1985 release).
In all of the area trapped in 1986, 244 males were captured.
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Based on 1986 results, no further release was made in 1987,
Trapping in 1987 was carried out at the same trap density as in
previous years, but the high—capacity USDA milk carton trap was
replaced by the more efficient USDA delta trap. No males were
trapped in 1987 or 1988.

A summary of monitoring this release site is presented on
Table 6. Generally, the sterile Fj:fertile wild male ratios
observed were near the expected 34:1 overflooding ratio in 198S.
The observed ratios from male chromosome analysis (57:1) and male
mating egg mass evaluation (62:1) are not different at the 5% level
of significance (Chi-square analysis). Also, ratios calculated
from reduced data sets (i.e., using only later stadia insects for
chromosome analysis (32:1) and mating~egg mass evaluation (80:1))
are not significantly different from ratios derived from their
parental data sets or each other., Both of the overall male ratios
computed from larval sampling are significantly different (5%
level) from the ratio computed using monitor female egg mass
evaluation (17.6:1) and post season egg mass evaluation (5.1:1).
Ratios derived from these two evaluation techniques are also
significantly different (5% level) from each other.

Table 6. Expected and observed results of releasing F1 progeny of
irradiated males (10 krads) in an isolated gypsy moth
population in Bellingham, Washington.

Method of Year
Estimation 1984 1985 1986 1987
Expectéd spring wild egg
mass density - 400 8 0
Numbers of Fis releasec
(W.E.M.E.) 0 13,600 5,108 0
Expected Fy:Wild male ratio 36:1 640:1
(Range) (189:1 to
2,2554:1)

Observed Fj:Wild male ratios

1) Chromosome analysis

A) All instars 1572831 5:0
B) Later instars 31.8:1
2) Mating egg mass
evaluation
A) All samples 61.5:1 24:1 -
B) Later instar § pupae 79.5:1
3) Monitor female mating ratio 17.6:1 116:0 -
4) Post season egg m2ss evaluation
A) Male ratio 5.1:1 no data -
E) Overall ratio (62:1)
Observed Fj:Wild female ratios
1) Mating egg mass 273, 13:1 -
2) Evaluation of pos:
season egg masses
female ratio 25:1 no data -
No. of males trapped 82 369 244 [o]

Estimated male population 400 9,549 2,681 0
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At the beginning of the 1986 field season, an estimate of the
residual wild population was needed to determine the number of Fj
egg masses to be released to achieve eradication. From pheromone
trap catches, we estimated that the 869 males trapped represented
9.17 of the total male population (i.e., 9,549). Only three
estimates of male overflooding ratios in 1985 were available at the
time of the 1986 egg release (i.e., male chromosome and mating-egg
mass evaluations and monitor female-egg mass evaluation). Based on
these ratios (ranging from 17.6:1 to 79.5:1), we calculated that
the wild male population could have been between 119 and 513 males
(i.e., 1.25 to 5.38 percent of 9,549 males). Again, we made the
assumption of a 1:1 sex ratio in the wild population and that Fj
males were completely competitive. The number of successful wild
mating pairs in 1985 was calculated to be from 2 to 27,
respectively, for Fj:wild mating ratios of 17.6:1 and 79.5:1. We
believed that the estimated mating ratio of 17.6:1 provided by
monitor female data was too low for previously mentioned reasons
and the true mating ratio was nearer 34:1 or higher. When the
appropriate calculations are made using a 34:1 Fj:wild male ratio,
wild egg density in the spring of 1986 was estimated at 8 wild egg
masses. We released 5,108 F; W.E.M.E. which, if the wild egg mass
population in the spring of 1986 consisted of 8 egg masses, would
provide a male overflooding ratio on the order of 640 Fj:wild male.

In sparse gypsy moth populations immatures are difficult to
locate and we were only successful in locating a small number in
1986. Based on all males collected as immatures and typed (both
techniques) the male ratio was 29 Fj:1 wild. Monitor female data
provided a much higher estimate of the sterile male overflooding
ratio (116:0). It was mentioned earlier that in 1986 egg mass
release was weighted at known sites of wild insects. Sampling was
concentrated around these same sites because immatures could only
be located at these sites. Monitor females, however, were
distributed as in 1985 (i.e., generally throughout the area). A
ratio based on assessment of immature males, because of our skewed
sampling, could be biased. Monitor female data may provide a
better estimate of the ratio throughout the release area.

We conclude that the F) egg mass release in Bellingham, WA.
was successful in eradicating the native population. Two years of
negative trap survey data is generally considered necessary for
confirming the outcome of an eradication attempt. The evidence of
successful interaction with, and suppression of the native
population is apparent.

In other studies in isolated sites and within the generally
infested area, we have not always achieved predicted overflooding
ratios and results do not appear as clear cut. These results
suggest that we need to develop better techniques for estimating
native insect density and distribution. Several investigators are
currently exploring the utility of pheromone-baited traps for
monitoring populations in the generally infested area, as well as
techniques for estimating densities of other life stages (Liebhold
& Elkinton, 1980ab). We are also far from a clear understanding
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of how, compared to wilds, F; immatures survive and develop in the
field. Several ongoing studies are exploring the comparative
behavior, relative egg viability, immature development and survival
of Fis. Also, the possible impacts of parasites and predators on
Fy egg releases are unknown. In some field release sites, we have
noted rapid disappearance of late instar larvae and pupae, and
although the overall population density was lowered, we do not know
how this precisely affected the sterile:wild ratio. Propensity of
Fj males, as described earlier, to multiple mate on the same day
has been shown to be lower than wild males. The impact of this
competitive deficiency on the actual mating ratio under field
conditions is still to be determined.

Studies have been initiated to explore the impact of female
rultiple mating on viability of resulting egg masses. It was
generally believed that female gypsy moths are monandrous, however,
in unpublished laboratory studies, we found 157 of the females
mated twice. If mating with an F]} male does not elicit the normal
monocoitic response, or if there is sperm precedence in multiple-
mated females, then the F; male competitiveness could be adversely
affected. A better understanding of these areas of exploration
should enable us to apply the technique more effectively and
interpret our field results more clearly.

Results from the Bellingham site and other sites wher2 F; eggs
have been released have also posed several problems which must be
addressed: 1) how to predict when native hatch will occur and how
to time F; egg mass release so that hatch is synchronous, 2) what
is the impact of dispersal (neonate and adult) on the overflooding
ratios, and 3) how does egg distribution within a site affect
survival.

Evaluation techniques used in this study and other similar
studies are labor intensive and require that the insects be held
for a period of time before a determination of type (Fj or wild)
can be made. A method to rapidly discriminate between Fj and wild
insects would allow a more intensive evaluation of releases, lower
the cost of evaluation and provide a valuable tool for the ongoing
research described previously. Some techniques under investigation
which would provide for a rapid discrimination between wild and F;
insects, have a genetic basis (i.e.larval setal patterns,
morphometrics of adult male wing venation) and others, such as
paternity assays may depend on identification of damage induced by
radiation.

We believe that the F) technique is at present a viable
technique that can be operationally useful for treating isolated
gypsy moth infestations. Furthermore, we believe that the
technique may be potentially useful for management of gypsy moth
populations within the generally infested area. This possibility
becomes more attractive when considering Fjs that are progeny of
males receiving lower (6 or 8 krad) doses of radiation. Finally,
all the investigations associated with the technique have led to a
better understanding of the biology and behavior of the insect.
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With a concentrated effort to resolve outstanding monitoring and
competitiveness questions and additional efforts to improve
laboratory colonization, the sterile egg technique can be
operationally used within a short period of time.

An as yet unexplored potentially beneficial area for control
of the gypsy moth is the use of other genetic control techniques
reviewed by Whitten & Foster (1975). Downes (1959) suggested
that, based on the work of Goldschmidt (1931, 1933) males from
different geographic races of gypsy moth could be used in a control
program., Both Downes and later Leonard (1974) recognized that the
Japanese genome would enter the North American population, and
potentially impart some factors which would make it more successful
or destructive. However, no experimental work was initiated to
explore the possibility of using this type of sterility.

An exciting possibility is the use of backcross sterility,
which was originally described by Laster (1972), if it could be
found in the gypsy moth. Although the genetic basis for backcross
sterility is poorly understood, male sterility is associated with
abnormal eupyrene sperm formation which is not transferred to
females (Goodpasture et al., 1980; La Chance, 1984). This system
offers a number of advantages over the Fj sterile insect technique.
Foremost, is that theoretically, once the sterility factor is
introduced into a population it can persist indefinitely.

Although this technique has not been explored for the gypsy moth, a
number of closely related old world species, including Lymantria
obfuscata, L. mathura, and L. monacha, offer potential candidates
for i i i it is impossible to predict if
backcross sterility will be found with the gypsy moth, at least one
of these species, L. obfuscata, will hybridize (Lenek, 1974). The
advantages and potential benefits appear to be so great that the
effort and expense of examining backcross sterility in gypsy moth
appears well justified.
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OVIPOSITION SITE SELECTION
BY JAPANESE LYMANTRIID MOTHS

Yasutomo Higashiura, Hokkaido Forest Experiment Station,
Ecology Lab., Shintoku, Tokachi, Hokkaido 081, Japan

INTRODUCTION

Oviposition site selection is one of the most important habitat
selection in insects. As for the oviposition of the gypsy moth, Lyman-
tria dispar L., overwintering egg masses have been shown to be pro-
tected against avian predators (Higashiura, 1980; Schaefer 1981) and
low winter temperatures (Leonard, 1972) by the insulative effect of
snow. Thus, habitat suitability for oviposition is higher beneath the
snow than above (Coulson & Witter, 1984). However, more egg masses are
deposited above the eventual snow line than beneath (Leonard, 1972;
Higashiura, 1980). To solve this puzzling distribution, I present a
conceptual model of oviposition site selection by using the fitness
set approach of Levins (1968). The prediction by the model is tested
in comparison of oviposition sites by Japanese lymantriid moths.

Predation on lepidopteran eggs is thought to be small, and so
relatively 1ittle is known about it (Torgersen & Mason, 1987). The egg
masses of the gypsy moth is, however, known to be subject to high
avian predation (Higashiura, 1980; Brawn & Cameron, 1982). During
1974-83, I estimated the bird predation on the egg mass to reveal the
habitat suitability in oviposition of the gypsy moth in a snowy re-
gion, Hokkaido northern Japan.

Finally, I present a control method of gypsy moths utilizing the
strategy of the oviposition site selection by the moths.

THE MOTH

Pintureau (1980) treated Japanese gypsy moths as two species,
Lymantria dispar hokkaidoensis Goldschmidt for Hokkaido populations,
and L. japonica Motschulsky for Honshu populations. Here, however, I
treat the two species as the same, L. dispar L., in examination of
their behavior in oviposition, because both females can fly during
ovipgsition site selection as in other Asian populations (Goldschmidt,
1934).

Adults of the gypsy moth emerge between July and September. A
female moth deposits only one egg mass. Larvae hatch during the fol-
lowing April and May. The eggs withstand the winter low temperatures
and are rarely attacked by egg parasites in Japan (Schaefer, 1981).
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METHODS

During 1974-83 1 studied bird predation on gypsy moth egg masses
in a birch, Betula platyphylla Sukatchev, forest at Bibai, Hokkaido,
northern Japan (Fig. 9). Three study plots (Plots 1-3) neighboring
each other were established in autumn 1974. The plots were 0.51 ha,
0.52 ha, and 0.52 ha. Plot 4 (0.63 ha) was added in autumn 1975, Plot
1 was reduced to 0.18 ha in May 1980 and disappeared in May 1382, The
density of canopy layer trees was 1096/ha. The birch accounted for 57%
of them. During the study period, almost all egg masses (1077) were
deposited on bark of the birch as in the previous studies (Schaefer,
1978; Higashiura, 1987), only two egg masses being laid on Sorbus
commixta Hedle.

The predator left characteristic scratches on the bark surface
wherever egg masses had been removed (Higashiura, 1980). The scratches
made it possible to distinguish egg masses eaten by birds from those

. physically damaged by the compression of accumulating snow.

Predation rate was visually estimated for a single egg mass to
seven grades, i.e. 0, 10, 30, 50, 70, 90, and 100%, in early May just
before larval hatching. The mean predation rate in each plot, or in
each height class, was obtained by averaging these visually estimated
predation rates of all egg masses. Because the mean predation rate
harcly differed among egg-mass sizes (Higashiura, 1980), egg-mass size
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Figure 1. Population trends in egg masses in autumn (upper)
and changes in predation rate on egg masses by birds (lower)
at Bibai. Predation rate during the winter was plotted in
the year of oviposition. ©o: Plot 1, @: Plot 2, A: Plot
3, X: Plot 4.
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Figure 2. Predation rate in relation to initial egg mass
density over the entire study area at Bibai. Suffix numbers
denote the year of oviposition. The relationship was signif-
icantly density-dependent in the latter five winters, win-
ters 1978-1983 (y=5.80+0.98x: r=0.965: P<0.01). The straight
line shows this regression.

is not taken into account here. Sample sizes from winter 1974-83 were
56, 179, 503, 59, 13, 36, 88, 89, and 56 egg masses, respectively.
During winter 1980-81, predation rates were estimated at intervals of
one to four days to reveal the progression of bird predation. In each
year, during September, the aboveground height of every egg mass in
the study plots was recorded except in 1974, Additional studies of
predation were carried out at Asahikawa, Hokkaido in winter 1982-83
using te same methods.

The aboveground heights of egg masses were measured in seven
stands in five regions of Japan by January (Fig. 9). The hights of the
tree and of the lowest branch were recorded for each tree having eggs.
At Bibai and Asahikawa the two heights were measured for each of ten
study trees.

RESULTS

Population trends in egg masses, or in ovipositing females were
similar in the four plots, though there were considerable differences
in the density among plots (Fig. 1). Mean density over all plots
varied from 6 /ha in 1978 to 231 /ha in 1976.

Predation rate by birds in the plot also varied considerably,
between 07 and 847, the latter occurring in Plot 4 in winter 1976-77.
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Figure 3. Snow depth (upper) and daily predation rate on
egg masses above the snow (lower) in winter 1980-81 at
Bibai. Stippled bars in the upper correspond to periods of
increase in the daily predation rate between 9 February and
9 March 1981.

The most common predator was the nuthatch, Sitta europaea baicalensis
Taczanowski, recognized from direct observations and from the charac-
teristic scratches left from their beaks and claws. Other predatory
species were Parus palustris hensoni Stejnege, P. major minor Temminck
& Schlegel, and Garrulus glandarius pallidifrons Kuroda. The mean
predation rate during the nine generations was 38.8% in the geometric
mean. The percentage of egg masses physically damaged by the compres-
sion of accumulating snow was negligibly low; 8.87 in winter 1982-83
was the highest during the study period.

Figure 2 shows the relationship between egg mass density averaged
over all plots (/ha) and predazion rate by birds. There was no signif-
icant relationship during the nine years of the study (r=0.589:
P>0.05). However, a highly significant relationship was observed
through the latter five winters, winter 1978-79 to winter 1982-83
(r=0.965: P<0.01). During the other four winters 1974-78, there was no
significant relationship (r=0.706: P>0.2).

The daily percentages of egg masses eaten by birds are shown in
Figure 3 for winter 1980-81. Since attacking egg masses beneath the
snow was impossible for any birds, I calculated the percentage only
for egg masses above the snow. Moreover, I assume that birds maintain
a constant predation rate during the interval.

Predation rate was 54.7Z in the winter, the second highest during
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Figure 4. Vertical distributions of mean predation rate at
Bibai in winter 1980-81 (left), and in a Larix forest at
Asahikawa in winter 1982-83 (right). Open and closed trian-
gles show heights of maximum snow depth in the winter and of
the lowest branch, respectively. Open and closed circles
indicate the significant difference between the adjacent two
height classes at the 17 and 57 levels, respectively (the
Tukey—Kramer method using the arcsine transformation).

the nine winters. In this winter of high predation, birds attacked egg
masses mostly in February and March, when the snow depth was highest
of the year, and never attacked any egg mass after March when the snow
began to melt. Figure 3 also suggests that snow accumulation intensi-
fied presgation in February and March.

Since predation was concentrated in snowy season, the height at
which the egg mass was laid on a tree affected mortality from bird
predation at Bibai and Asahikawa (Fig. 4). Predation rate beneath the
snow was significantly lower than just above the snow (the Tukey-
Kramer method, P<0.05: Sokal & Roh1f, 1981). Although percent preda-
tion gradually increased with height above the snow, the most inten-
sive predation was concentrated above the lowest branch at Asahikawa
even in the year of 237 predation (Fig. 4). At Bibai, females rarely
oviposited above the branch.

Table 1. Maximum snow depth and mean height of egg masses at
Bibai, Hokkaido.

Year of z
oviposition 1975 1976 1977 1978 1979 1980 1981 1982

Maximum
snow depfth 116 156 99 129 90 114 92 99
(cm)

Mean height
of egg masses 187 249 265 233 248 298 271 229
(cm: 957 C.L.) +16 +15 456 +90 468 +41 437 435
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Figure 5. Correlation between relative egg mass survival
and percent predation measured from overall egg masses at
Bibai in winters 1975-83. Correlation was highly significant
(y=0.569+0.044x: r=0.939: P<0.001). Relative egg mass sur-
vival (L/H) is expressed by dividing the proportion of egg
masses surviving beneath the snow (L) by that above the snow
(H) (snow height used was the average maximum through the
eight winters, or 112 cm). Open and closed circles indicate
that the difference of the proportion of egg masses sur-
viving between the two height classes (L and H) was statis-
tically significant (P<0.01) and insignificant (P>0.1),
respectively (t-test using the arcsine transformation).

The insulative effect of snow can be demonstrated more cbviously
by the survival of the egg masses beneath the snow (L) relative to
those above the snow (H). Throughout the eight winters at Bibai,
relative survival (L/H) increased with average percent predation on
egg masses (Fig. 5). Oviposition beneath the snow had the advantage of
producing high egg mass survival in five of eight winters. However,
survival approached equality in the year of low predation.

Since snowfalls at Bibai did not vary so much (Table 1: C.V. in
maximum snow depth was 20Z), inferences from mean snowfall values
accurately indicated above or beneath the snow.

The population density in larval and egg stages is correlated
with oviposition heights in Europe (Luciano & Prota, 1981). At Bibai,
however, mean height of egg masses were not different among years
during 1976-82 (Table 1: P>0.25), irrespective of egg density. Signif-
icant differences were observed only between the height in 1975 and
others (P<0.05), except between 1975 and 1978 and between 1975 and
1979 (P>0.1).
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Figure 6. Two factors, winter predation and cost of larval
dispersion, affect oviosition site selection by the gypsy
moth as assumed by the model. q denotes the proportion, or
probability of females ovipositing above the eventual snow
line. Egg masses above the snow have much lower survival
than those beneath the snow in the year of high predation.
In the year of low predation, however, the proportion of
surviving egg masses above the snow is almost the same as
beneath the snow. Probability of high predation is p. Larvae
hatched on the lower site experience lower survival (kS:
0<k<1). The rate of increase (r) after larval dispersion is
not affected by hatching sites.

Model of ©wilposs iAo

The data presented above showed that oviposition beneath the snow
was advantageous in snowy regions. In the year of low predation,
however, egg mass survivals were almost the same above and beneath the
snow. The question that arises is, why do not all females oviposit
beneath the snow in snowy regions? In this section I present a concep-
tual model, based on the fitness set approach of Levins (1968), which
suggests that a mixed strategy of ovipositing both above and beneath
the snow is optimal in unpredictably changing environments.

Ovipositing in higher locations is thought to be advantageous for
hatched larvae. Newly hatched larvae of the gypsy moth move up trees.
As they move, they spin a thread of silk without feeding on any host
leaves (Mason & McManus, 1981). Therefore, larvae from egg masses
deposited lower must crawl longer distances and spin a longer thread
to disperse or reach a food source. However, during years of high
predation these larvae gain the benefit of high survival during the
egg stage beneath the snow. In winters of low predation, the same
proportion of egg masses survived beneath the snow as above the snow
in three of the eight winters (Fig. 5). Natural selection favours
ovipositing above the snow in this case, though ovipositing above the
branch results in high predation on the egg masses even in the year of
low predation in the snowy region (Fig. 4). Females should oviposit
beneath the snow only in years of high predation, or in years when
survival differs above vs. beneath the snow. However, since oviposi-
tion precedes predation, the predation stress makes the environment
unpredictable and changing for the adult females. Our aim is to find
the proportion, or probability, of oviposition above the snow, q, that
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maximizes the long-term expectation of fitness, i.e., the optimal
oviposition strategy.

1 assume two types of temporally varying environments, environ-
ment 1 (in which predation is high) and environment 2 (low predation),
and two sites for oviposition (above and beneath the snow) (Fig. 6).

Table 2. Definitions of symbols in the model: H and L denote
the proportion of egg mass survivals above and beneath the
snow, respectively.

Symbols Definitions
Hy H in the year cf high predation (environment 1)
Ly L in the year of high predation (environment 1)
Hy H in the year of low predation (environment 2)
L2 L in the year of low predation (environment 2)
S Survival rate of larvae hatched from the higher
site
kS Survival rate of larvae hatched from the lower

site (0<k<1)

5 Rate of increase after dispersion

il

W,

Figure 7. A fitness set analysis of the strategy of ovipo-
sition site selection by the gypsy moth. The point at g=1
represents females ovipositing above the eventual snow line.
They have very different survival rates in the two environ-
ments. While the point at g=0 represents females ovipositing
beneath the snow line. Survival rates are almost the same in
these forms.
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Definitions of symbols in the model are given in Table 2. Then the
adaptive function in environment 1 (w1) is

W1=[qH1S+(1—q)L1 kS]Y'.
and the adaptive function in environment 2 (NZ) is
N2=[qHZS+('l—q)L2kS]r.

Since the moth is univoltine and of discrete generations, the
alternative environments are “coarse-grained" (Levins, 1968), so that
the average fitness (W) can be estimated as the geometric mean of the
fitness in each environment according to its probability (p for envi-
ronment 1, and 1-p for environment 2) (Levins, 1968).

log W = p log Wy + (1-p) log W,
Setting dlog W/dq=0, the optimum § is calculated as

Lq (Hy—-Lok)-p(HoLq1-H4L5)
A% TAE2T52 2175152 1)

(Lyk=Hy ) (Hy=Lok) :

This fitness set analysis is shown in Figure 7. Since the value q must
lie between 0 and 1, we must adjust it as follows.

L4 (Ho=Lok)
If p> 17Fe2 , then §=0.

Holq-HqLy

Thus, if there are many years of high predation, natural selection
favours always ovipositing beneath the snow.

Ha (Ho-Lsk)
If p< i , then g=1.

k(HpLq-HqLp)

Thus, if there are many years of low predation, selection favours
always ovipositing above the snow.

~ If p lies between those values mentioned above, then the optimum
Q@ equals the q calculated in eqn (1). Thus the mixed strategy is
optimal. This strategy corresponds to the oviposition site selection
at Bibai.

Tests of the model

Costs for larvae hatched from lower egg masses, k in egn (1),
have been included in the model, because the larva must spin a longer
thread of silk without feeding. The height of the lowest branch is
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Figure 8. Oviposition sites by the gypsy moth in relation
to the height of the lowest branch at Asahikawa, Hokkaido in
autumn 1982. Triangles show the mean height of the lowest
branch. Predation rates of egg masses in winter 1982-83 are
also shown. Left: Betula plantation. The mean tree height
was 16.0 m. Sample size was 97 egg masses. Middle and Right:
Two forests were in the same Larix plantation. The mean tree
height was 9.8 m. Branches below 3 m were pruned in the
middle forest. Sample sizes in the middle and right were 177
and 86 egg masses, respectively.

important in this case. Since hatched larvae can easily reach a food
source on trees branching out beneath the snow line, oviposition
beneath the snow 1line should be suitable for both egg mass and larval
survivals.

The gypsy moth at Asahikawa (snowy region) deposited her eggs
beneath the branch, irrespective of the heights of branches (Fig. 8).
£gg masses were distributed to higher sites on trees without Tower
branches than those on trees having lower branches. Predation rate was
lower in the later forest because of snow protection. The maximum snow
line was 83 cm in the winter. Predation rate was also low in the
Betula forest. Some birds, even the nuthatch, slipped off the smooth
surface of birch bark during predation, their claws leaving slip marks
on the surface. Once they slipped down, they left the tree for an
another.

Highest predation occurred during the snowy season, February and
March; snowfalls accelerated predation (Fig. 3). Consequently, differ—
ences in both predation pressure and the insulative effect of snow
against predation should be expected in southern populations where
snowfall is lighter. Oviposition site selection in northern and south-
ern Japanese populations should reflect these differences.

Oviposition sites were considerably different among geographical
regions (Fig. 9). Egg mass distibution is represented by relative
aboveground heights (lettinc the height of the lowest branch equal
one, and the top of the tree 2qual two) in Figure 9. Using the rela-
tive height, we can compare the distributions above and beneath the
lowest branch and also above and beneath the snow, irrespective the
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Figure 9. Geographical variation of the oviposition site
in Japanese gypsy moth. The abscissa shows the frequency
distribution of egg masses. The ordinate represents the
aboveground height relative to the heights of the Towest
branch and of the top of tree. Both average absolute heights
are shown, each interval being divided into five classes.
Stippled area in the map shows the region having snow depths
over 1 m. The average maximum snow depths (1976-83) are
shown by triangles. Snow is rare at Nara and Kyoto, where
snow temporarily covers the ground for 5 and 11 days each
year, respectively. In contrast, the other sites are charac-
terized by heavy snow: snow lies for 64 days (Toyama), 132
days (Bibai), and 146 days (Asahikawa) through the year.
Sample sizes were 75 egg masses on 20 trees (mainly Zelkova

serrata and Sarix spp.) at Nara, 67 on 21 trees (Prunus spp.
and Quercus glauca) at Kyoto, 54 on 33 trees (Magnolia
obovata and Ilex macropoda) at Toyama, 503 on 288 trees
Betula platyphylla) at Bibai, 97 on 28 trees (B. platyphyl-
la) at Asahikawa, and 177 on 81 trees (Larix leptolepis) at
Asahikawa.

absolute heights of trees and branches. I compared frequency distribu-
tions of egg masses between the two forests in Figure 9 using the G-
test (Sokal & Roh1f, 1981). Of the fifteen pairs, the distributions
were significantly different in thirteen pairs (P<0.05), and were not
significantly different in only two pairs (Kyoto and Nara, G=1.105,
d.f.=3, 0.75<P<0.90; Toyama and the Betula forest at Asahikawa,
G=5.366, d.f.=2, 0.05<P<0.10).

In the regions with light snow, Nara and Kyoto, almost all egg
masses were deposited in tree canopies, frequently on undersides of
branches. Low predation should be expected in these regions, or p is
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small. In contrast, females oviposited mostly beneath the snow at
Toyama, where snow depths reached 96 cm on an average and were most
variable during each year. The largest p should be expected. Egg
masses were deposited both above and beneath the snow at Bibai and
Asahikawa, where predation rate considerably fluctuated between years
(Figs. 1 & 5).

Oviposition sites in Japanese lymantriid moths are mainly divided
into two sites (Table 3). Species overwintering in larvae oviposit on
undersides of host leaves, except Leucoma candidum. In contrast, spe-
cies overwintring in eggs oviposit on tree trunks, except E. pseudo-—
conspersa. The most interesting selection for oviposition site is
observed in Orgyia thyellina. Female moths, which are bivoltine,
switch oviposition sites from undersides of host leaves for nondia-
pause eggs to tree trunks for diapause eggs (Kimura & Masaki, 1977).

DISCUSSION

In the present study, the mean predation rate on the egc mass was
38.87% during the nine years, although this fluctuated considerably.
The highest predation (847) wes observed in Plot 4 in winter 1976-77.
These high frequencies suggest that bird predation on the egg mass is
as important a mortality factor as parasites are in the egg and larval
stages. Although predation clearly showed a density-dependet trend in
the later five winters, the trend was ambiguous during the nine study
period. Thus females cannot predict predation pressure through their
density.

Eggs of the moth are covered by a dense coating of hairs, slough-
ed from the female abdomen. The hair covering is believed to provide
some protection against bird predation (Leonard, 1981). The behavior
of birds attacking the egg mass suggests that it is unpalatable. Birds
ate the egg mass not wholly at once, but bit by bit (Higashiura,
1980). Egg masses were eaten mainly during winters with heavy snow-
falls (Fig. 3), which is when adult nuthatches experience the highest
mortality from starvation (Nilsson, 1982). Nuthatches may te feeding
on the egg mass simply to avoid starvation during the deep snow cover
that prevents them from feeding on their favorable foods.

Dring the intensive predation period, egg masses deposited under
the snow line survived from the predation. Thus, in snowy regions,
habitat suitability for oviposition was higher beneath the snow than
above. Egg mass survival beneath the snow was 1.9-4.3 times higher
than above the snow in years of high predation, four out of eight
years. However, survival was almost the same on both sites in the
three years of low predation. Thus bird predation created unpredicta-
bly changing environments for ovipositing female gypsy moths. In
contrast, height suitability was suggested to be different in regions
with 1ittle snowfall: not only were egg masses rarely attacked by
birds, but egg masses suffered predation at all heights. Egg mass
distributions at Nara and Kyoto are thought to reflect these differ-
ences of predation pressure. There are three strategies for oviposi-
tion site selection shown in Figure 9: ovipositon in tree canopies
(Nara & Kyoto), oviposition beneath the snow (Toyama), and oviposition



Table 3. Oviposition sites in Japanese lymantriid moths.

Species

Cifuna locuples Walker

Calliteara abietis (D. & S.)*

Euproctis similis (Fuessly)

E. subflava (Bremer)

E. pseudoconspersa (Strand)
Orgyia recens (Hiibner)

0. thyellina Butler

Leucoma candidum Staudinger
L. salicis (L.)

Lymantria mathura Moore

L. fumida Butler

L. monacha (L.)

Ivela auripes (Butler)

Species: (D. & S.)*=(Denis & Schiffermiiller)

Host

D

D+E
D

Stages in
overwintering

Larva
Larva
Larva
Larva
Egg
Larva
Egg
Larva
Larva
Egg
Egg
Egg

Egg

Oviposition site

Non-
Diapause diapause
eggs eggs References

(K Mutuura et al., 1965
1t Matsushita, 1943
L Mutuura et al., 1965
L Matsushita, 1943
B+L B+L  Mutuura et al., 1965
L  Higashiura, unpublished
T L Kimura & Masaki, 1977
T Sirota et al., 1976
T Burgess & Crossman, 1927
Matsushita, 1943
Matsushita, 1943

Matsushita, 1943

=4 A4 =

Matsushita, 1943

Host: E=Evergreen, D=Deciduous

Oviposition site: L=Leaf, B=Branch, T=Trunk

cIe
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both above and beneath the snow (Hokkaido). Although the mcdel is an
oversimplification, it predicts these three strategies.

Japanese lymantriid moths mostly deposited nondiapause eggs on
host leaves, but diapause egcs on tree trunks. Orqyia thyellina use
the two site each for the egg. Tauber, Tauber & Masaki (1386) have
regarded such the use of oviposition sites for diapause eggs as &
strategy for depositing eggs on permanent sites. However, avcidance of
winter predation on eggs accounts more precisely for the behavior,
because the oviposition site is on considerably lower parts of tree
trunks (never on twigs). Other members depositing diapause eggs also
use the lower parts, except Euproctis pseudoconspersa and Lymantria
fumida. Reversely, depositing nondiapause eggs on leaves is probably
to avoid the cost of dispersion, because the egg stage of ncndiapause
eggs is too brief to be attacked. For univoltine species, such as the
gypsy moth, females should select oviposition sites at once to balance
both costs of predation and dispersion in long-term expectation.

In the argument mentioned above, the height of the lowest branch
is most important for the gypsy moth. In forests having branches near
the ground, oviposition near the ground should satisfy both egg and
larval survivals. Outbreaks of the gypsy moth frequently occurs in
young larch, Larix leptolepis (Sieb. et Zucc.), plantations, just
after canopy closure. Shinohara & Higashiura (1982) reported that the
outbreaks in larch plantations at Furano, near Asahikawa (Hokkaido),
occurred only in 6-18 years old plantations. Egg masses were deposited
in higher sites due to pruning of the lower branches (Fig. 8). The
environment in the forest is changed to be like in the older by
pruning, and reduces both egg and larval survivals.

Pests in man-made forests are selected through adaptations to the
environment created in such fcrests. Control methods utilizing their
life history strategies are one of the most powerful methods against
these pests.

I am grateful to the late I. Hiura who suggested the study of
this problem and helped me on the field work at Nara. I am indebted to
my colleagues at Bibai and Shintoku, especially to S. Yamaguchi. I am
also grateful to J.L. Bronstein for her helpful comments tc improve
early drafts and correct the English.

SUMMARY

Mean predation rate on gypsy moth egg masses by birds was esti-
mated at 38.87% during nine years at Bibai, Hokkaido, Japan. The preda-
tor, mainly the nuthatch, attacked egg masses during a snowy season,
February and March, Thus oviposition beneath the eventual snow line
had the advantage of producing high egg mass survival only in the year
of high predation. Since predation rate varied considerably, the
predation created changing environments for females. The model of
optimal oviposition strategy was presented by using the Levins model.
The prediction of the model was consistent with the geographical
variation of oviposition sites in Japanese gypsy moth and in Japanese
lymantriid moths.
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ECOLOGICAL BASIS OF THE
EVOLURLON 0F HOSSE
RELATIONSHIPS IN EURASIAN

GYPSY MOTH POPULATIONS

Yuri N. Baranchikov, V.N. Sukachev Institute of Forest and
Wood, Siberian Branch, USSR Academy of Sciences,
Krasnoyarsk, 660036, USSR

INTRODUCTION

Gypsy moth, Lymantria dispar L., is one of the most economically
important pests of forests of boreal zones of the Holarctic. Despite
numerous publications devoted to this species (Leonard, 1974;
Vorontsov, 1977; Doane & McManus, 1981; Montgomery & Wallner, 1988)
many aspects of its biology haven't been duly elucidated. Throughout
its vast range, the gypsy moth inhabits many various biotopes whose
ecological features have considerable influence on the biological
properties of the species. One of the properties - intensity of gypsy
moth migrations - has long been the focus of attention of forest
entomologists.

In this work, I will summarize the literature data and our own
observations on migrations in gypsy moth populations in northern
Palearctic. There are many gypsy moth populations in this region where
the females take flight (migrate) and populations where they do not
fly. Thus, this is an excellent opportunity to make experimental
comparisons of trophic adaptations of gypsy moth populations that
differ in migration activity.

GYPSY MOTH MIGRATION ACTIVITY AND
PREDICTABILITY OF HABITATS

There is disagreement in the entomological literature on the
flying abilities of gypsy moth females. Numerous records on forest
entomology unambiguously state that the gypsy moth females are not
capable of active flight. But there are quite opposite statements as
well. For example, Yu. P. Kondakov (1963) disagrees with the statement
of Ya. V. Chugunin (1949) about the flight passiveness of gypsy moth
females. A.I. Vorontsov (1977) thinks that A.I. Ilyinsky (1954) also
underestimated the flying abilities of this species. Those who believe
that the females do not fly are located in Western, Central, or
Southwestern Europe (Schedl, 1936; Chugunin, 1949; Ilyinsky, 1959; and
others) while researchers in Siberia state that the females have active
flight (Meinhardt, 1912; Kondakov, 1963; Zemkova, 1963, Terskov &
Kolomiets, 1966; and others). The data, as a whole, show that as we
move from eastern to western boundaries of the species range, the
females gradually lose their flight ability (Fig. 1). In the centre of
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Figure 1. Zones of gypsy moth female flight ability in Eurasia.

Double cross-hatching = zones of flying females; cross-hathcing = zone
of flightless females; overlapping = transition zone. Local gypsy moth
populations: 1 - Ukraine-acacia; 2 - Karpats; 3- Tataria; 4 -
Baskhiria; 5 - Zauralje; 6 - Tuva; 7 - Altai. (See text.)

the species range, southeast Asia (Kozhanchikov, 1950), the gypsy moth
females cover long distances on their wings. According to Yu. P.
Kondakov (1963) their flights in Khakass region (southern part of
Krasnoyarsk Territory) may be 4-7 km long. In our experiments in the
Buryat Republik, marked females travel to light traps from a distance
of 3.5 kn. In the Krasnoyarsk and Amour regions (Terskov & Kolomiets,
1966), in the mountainous forests of the Western Sayan ridge (Zemkova,
1963), in Mongolian People's Republik (our unpublished observations),
in Altai Mountains and in Northern Kasahstan (Gninenko, 1986), the
females actively fly to ultraviolet light. There are reports of good
flying performance of Chinese populations (Goldschmidt, 1934; Schaefer
et al., 1984).

The transition zone of occasional female flights is situated in
Eastern Europe (Fig. 1). The female moth here can fly well (Khanislamowv
et al., 1958; Benkevich, 1959; Andrianova, 1970), but active flights
are relatively short and insects travel considerable distances only
with moving air masses (Khanislamov et al., 1958; Mikkola, 1971).

In Western, Central, and South-Eastern Europe gypsy moth females
don't fly (Schedl, 1938, Fig. 1). Nor do they fly in North America
(Friend, 1945; Campbell, 1967; Bsroza & Knipling, 1972). However,
there are five cases of gypsy moth females gliding from trees in the
USA that are described in detail (Forbush & Fernald, 1896; Sandquist et
al., 1973). Inability of gypsy moth females from North American
populations to fly is very demonstrative - the species was brought to
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the USA in 1869 from France which was the western edge of its range
(Goldschmidt, 1934).

The "east-west" reduction of the flying ability of the gypsy moth
female is an example in favour of the rather poorly reasoned assumption
of I.V. Kozhanchikov (1950) on eastern-Asian provenance of Lymantria
dispar L. species. If we agree with the statement that in
telomorphosis function is first lost and then the organ (Schmalhausen,
1969), it is evident that inability of the European females to fly is a
secondary phenomenon due to selection under new environmental
conditions.

Peculiarities in migration activity of gypsy moth imagoes affect
the role of the adult insects in the distribution strategy of
individual populations. In Siberia the species spreads both by the
flying females and by caterpillars of the first instar carried by the
air streams (Kondakov, 1961, 1963). In the European part of the USSR,
migrations are due mainly to the caterpillars (Ilyinsky, 1959), massive
movements of the adult moths is a rare phenomenon there (Vorontsov,
1958; Mikkola, 1971). On the American continent, the species migrates
only by the larvae carried in spring by the winds (Cameron et al.,
1979) .

There is a large body of literature on the ability of the species
to distribute at the phase of the first instar caterpillar. Impressive
figures are presented for the distance migrated - from 10 to 40 km
(Collins, 1915; Chugunin, 1958; Korndakov, 1963) to 150 km (Ilyinsky,
1959). But verification of such migration abilities in the natural
larval populations of the species was an enigma. Research carried out
within a USA federal program in the 1970's showed that even in the knob
topography with complicated air mass motion, as for example in the
mountainous ridges in Pennsylvania, the caterpillars taken by the
convection air stream from the trees on the tops of the hills are
carried by the wind for only several kilometers (Mason & McManus,
1981). Recently, aerial sampling with airplane tow nets above
ridge-valley terrain showed that caterpillars theoretically can be
carried up to 16 km by air currents, but this would be only a very
small percentage of the total population (Taylor & Reling, 1986). 1In
the valley forests, caterpillars actually don't intensively spread with
the air streams. In oak and hickory stands where trees are 9-12 m high
on the average, no more than 0.3% of the caterpillars of the first
instar hatched on a tree were found more than 30 m from the trunk of
this tree (Cameron et al., 1979; Mason & McManus, 1981). If the stand
density decreases the possibility of distribution is higher, though it
remains in rather modest limits. So, nearly 80% of the caterpillars
taken by the wind do not fly farther than 75 m from the edge of the
forest (Minott, 1922).

It is understood that migration abilities of European and Asian
populations of gypsy moth differ considerably. These differences must
affect substantially the rate and trends of the microevolution in the
gypsy moth populations of these regions. In Siberia the migration
process involves imago and larvae of the local populations. In the
piedmont and mountainous landscape in the south of Siberia, these
processes are of large scale. Each season there are two waves of
migrations: in spring the caterpillars hatched in the rocky
outcroppings of river valleys are carried away by the winds, and in
surmer when the females fly from the flood plain forests to the rocky
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outcroppings to lay eggs. Although there is evidence of mass flights
of females covering up to 100 km (Rozhkov & Vasilyeva, 1982) usually
the movement of imagoes is limited by the topographic peculiarities of
intermontane basins and seldom exceed 3-5 km. Because each gypsy moth
micropopulation in Siberia annually changes its habitat two times, the
possibility of the caterpillars of the filial generation feeding on the
host species of the parents and the possibility of successive
generations of gypsy moth developing in the same microhabitat is
practically ruled out.

The females of most European populations of gypsy moth, on the
contrary, usually lay eggs on or near the trunk of its food tree and
the caterpillar, after hatching, goes up into the crown and starts
feeding making attempts to leave the "native" tree only when the
density of infestation is rather high (Semevsky, 1971). But in the
valley forests, airborne dispersal by the caterpillars can result, at
best, only in changing one tree for another, which in a one-species
stand does not affect the course of trophic specilization of
individuals. In contrast to many other species of Lepidoptera, gypsy
moth chooses the food plant only at the larval stage. The ovipositing
female isn't involved in it. Practically every regional record on the
biology of gypsy moth has evidenced this, but to the best of my
knowledge the evolutionary consequences of this on host relationships
has never been considered in this respect.

Lack of rocky outcroppings in the habitats of Asian populations of
gypsy moth has no effect on the pattern of laying eggs by the females.
According to a number of authors (Kondakov, 1961; Alekseyeva, 1969; and
others) and our own experience in the valley forests in Southcentral
Siberia and in the Baikal region, the gypsy moth females, when in
flight, concentrate at forest edges and on the periphery of single
groups of trees giving preference to thicker trunks. Concentration of
egg clusters has no relevance to the nutritional value of the plant for
the gypsy moth caterpillars. Crucial in choosing the ovipositional
site are the surface structure of the substrate and its temperature
condition. Baranchikov & Kravtsov (1981) noted that the flight of
gypsy moth females into the rocks in the habitats with mountainous
topography is due to the temperature condition of the rocky
outcroppings during the hours of migration activity of the moths.

There is no reason to think that in the absence of rocky outcroppings
there are other reasons for the females to choose large trunks but the
peculiarities of their temperature condition. Our viewpoint is
supported by the vertical distribution of egg clusters on pine trunks
(Kondakov, 1963) in relation to the trunk temperature at various
heights from the soil surface (Zyubina, 1965).

‘Migration of two life stages in Asian populations of gypsy moth is
associated with the necessity to overcome insufficiency of total
positive temperature required to complete egg embryogenesis during
summer and autumn period (Baranchikov et al., 1987). This
insufficiency is overcome by behavioural adaptation when eggs are
placed in the optimal temperature conditions. Since climatic
conditions in the European part of the species area are more
favourable, migrations have little adaptive value and are not sustained
by selection. This ecologically conditioned behaviour of imago is the
primary reason for the differentiation of geographical populations of



8323

gypsy moth which becomes crucial in forming the properties of their
trophic adaptations.

The landscape and climatic properties of Central and Eastern Asia
has fostered a double-stage migration biotype. The result is that the
gypsy moth population mixes intensively over vast areas while the host
plant relations of the populations are totally unpredictable.
Migration of females into sites where the distribution of young
caterpillars is most intense augments the unpredictability of the
habitat of each sequential generation of gypsy moth. This reduces the
possibility of the gypsy moth forming a specific relationship with one
or even a few host plant species. Instead, these conditions seem to
have brought about a superpolyphagous species inhabiting more than 600
species of plants.

Reduced migration abilities of the species in the forests of
European valleys considerably increases the level of predictability of
environment for the next generation of gypsy moth. With a less cold
climate, the need to disperse from the host to better thermal
substrates for oviposition is reduced; thus, regional host plant
specialization is possible. Under such conditions, the phytophage can
adapt more fully both to chemical and phenological properties of a
limited range of food objects. The data available in literature
support this assumption and one can see how European populations of
gypsy moth, in the absence of migrations, trend to local trophic
specilization, and time caterpillar hatching to the beginning of
vegetation of the major food plant in the given habitat and how this
results in chronological isolation:of divergent groups (Kolybin &
Zeéinskaya. 1975; Kireyeva, 1983; Mamontova et al., 1983; Baranchikov,
1985) .

HOST-PLANT ACCEPTABILITY AND SUITABILITY BY DIFFERENT
POPULATIONS OF NEWLY ECLOSED FIRST INSTAR GYPSY MOTH LARVAE

There is numerous evidence of the peculiarities of gypsy moth
larval development when feeding on a spectrum of food species. The
host range of this species has been recorded for several regions in
Europe (Kelus, 1939; Kurir, 1953; Edelman, 1956; Khanislamov et al.,
1958; Zhigunova, 1967; Heskova, 1978), in Asia (Bey-Bienko, 1924;
Kondakov, 1963, 1979), and in North America (Mosher, 1915). These and .
more recent reports (Vshivkova, 1983, 1984; Hough & Pimentel, -1978;
Barbosa & Greenblatt, 1979; Rozkov & Vasilyeva 1982) support
Vorontsov's (1963) statement that there is considerable variability of
gypsy moth development (growth rate, mortality, weight of the pupae) in
different regions feeding on the same host species. These differences
are usually related to the diversity of feeding conditions and to
biochemical and anatomical features of the peculiar species of plants
in various parts of their areas (Vorontsov, 1963). These assumptions
are supported repeatedly by experiments (Radkevich, 1980). We will
first examine in detail regional distinctions in the ability of the
individuals of some gypsy moth populations to feed on the foliage of
one species of woody plant.
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M2thods
Gypsy Moth Populations

In our experiments we used caterpillars from geographically
different gypsy moth populations. These populations are named below
along with its location and the characteristics of its trophic
relations citing the literary r=ferences. Populations are numbered as
in Figure 1.

"Ukraine" (1) - insects were collected in three habitats along the
Dnieper River in the Kherson region of the Ukrainian SSR: "Ukraine
oak"- in the oak forests of the Black Sea Preserve; food species - oak,
Quercus robur L.; "Ukraine-willow" in the Salix alba L. forests, and
"Ukraine-acacia" in Robinia pseudoacacia L. plantations near Golaya
Pristan settlement (Kireyeva, 1983; Mamontova et al., 1983).

"Karpats" (2) - near the city of Mukachevo of the Transkarpat
region of the Ukrainian SSR. Food species - oak (Baganich, 1981).

"Tataria" (3) - the city of Zelenodolsk of Tatar, ASSR; the major
food species - birch (Kondorsky, 1983, 1984).

"Bashkiria" (4) - the city of Blagoveschensk of Bashkirean ASSR;
birch and oak (Idrisova, 1977).

"Zauralje" (5) - Chebarkul settlement of the Chelyabinsk region;
birch (Rafes, 1980).

"Tuva" (6) - near Ishtii-Hem settlement of the Tuva ASSR. Food
species: larch, birch, elm (Mashanov et al., 1981).

"Altai" (7) - near Chemal settlement of the.Mountainous Altai
Autonomous District of the Altai region. Food species: birch, elm,
bird-cherry, willow (Benkevich, 1959).

Gypsy moths from the nine populations from the seven regions were
collected as eggs and maintained in the laboratory for 1-2 generations
on leaves of birch, Betula pendula Roth. Mating took place exclusively
within the population groups. Eggs were collected in the years when
all populations were latent.

Acceptability and Suitability of Food Plants

To compare the initial preference of food species we used newly
hatched first instar larvae from "Ukraine-acacia," "Transkarpat,"
"Bashkiria," and "Tuva" populations. The larvae, kept solitary in
small petri dishes, were offered small (5 mm) circular pieces (leaf
disks) cut from the leaves at the beginning of blossom of willow (Salix
viminalis L.), birch (Betula pendula Roth.), bird-cherry (Padus
asiatica Kont.), and several needles of larch (Larix sibirica Ledeb.).
We carried out two test combinations of food: willow-birch-bird-cherry
and willow-birch-larch. Each population was represented in every test
by 50 larvae selected randomly from 15-20 egg clusters beginning to
hatch. The dishes were observed daily and individuals starting to feed
were removed. The remaining dishes were filled with fresh leaf disks.
Experiments were observed in the red light.

Mortality of larvae from seven of the populations (Ukraine-acacia,
Transkarpat, Tatatia, Bashkiria, Zauralje, Tuva and Altai) was
estimated by placing 250-350 newly hatched larvae of each population
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into chambers with leaves or needles of the following food species:

birch, bird-cherry, elm (Ulmus pumila L.), haw-thorn (Crataegus

sanguinea Pall.), mountain ash tree (Sorbus sibirica Hedl.), larch,
lime-tree (Tilia sibirica Fisch.) and acacia (Caragana arborescens

Lam.). The leaves and needles were collected from the same trees near
Krasnoyarsk. Each day the food was changed and dead insects removed.
The number of molted second instar larvae was recorded.

Results

Irrespective of the main food plant of the local population -
acacia, oak, birch or larch - the larvac of the Ukrainian,
Transkarpatian, Bashkirian or Tuva population in the first variant of
the experiment preferred, in decreasing order, willow-birch-bird cherry
and in the second varient willow-birch-larch (Fig. 2). Distributions
of larvae within each test showed difference in species selectivity:
the value of Kolmogorov-Smirnov criterion A in no case exceeded 0.85
(P>0.2). Only Ukrainian and Tuva populations differed in the number of
larvae feeding and rejecting the food (lamba = 1.5; P<0.05), for the
rest P>0.05.

These results cast doubt upon the view of some authors that
regional oligophagy owes its formation to conveyance of maternal effect
on food acceptability of phytophagous insects (Konikov, 1978). They
agree with other work (Fox & Morrow, 1981) disproving the so-called
"Hopkins host selection principle" which connects the trophic
selectivity of herbivore with the food plant of its parents.

The larvae of several European and Asian gypsy moth populations
similar in trophic selectivity differ substantially in the ability to
develop successfully on individual host species. Figure 3 compares the
levels of mortality of the first instar larvae among seven gypsy moth
populations grown en masse on the leaves and needles of nine plant
species each of which is a potential host for this phytophage. To make
it more vivid, the results of each experiment are normalized relative
to the mortality of the Ukrainian population.

Despite considerable variability in mortality within populations
from each continent, the European populations of gypsy moth (Ukraine,
Transkarpats, Tataria) are clearly distinct from the Asian ones
(Zauralje, Tuva, Altai). Elevated survival of the Asian populations is
most obvious when the larvae are grown on the species of Sorbus, Larix,
Pinus, Tilia, and Caragana which are, by Kozhanchikov (1950), not the
most suitable host species for Lymantria dispar. In the preceeding
experiment the preference of the newly hatched larvae to
representatives of Rosacea and Pinacea families was the least (Fig.

2). It is important to point out that the ancestors of the larvae
participating in the experiment were fed birch leaves only for 1-2
generations. Thus, the revealed properties are related to the
hereditary preadaptation level of European and Asian gypsy moth
populations.
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Figure 2. Distribution of newly eclosed larvae from four geographical
gypsy moth populations on food plants. Tests: A - willow-birch-bird
cherry; B - willow-larch-birch. Food selected: 1 - willow; 2 - birch;
3 - bird cherry; 4 - larch; 5 - the larvae weren't feeding.

FOOD UTILIZATION EFFICIENCY AND FEEDING BEHAVIOUR
OF LARVAE FROM EUROPEAN AND ASIAN GYPSY MOTH POPULATIONS

The literature indicates that wherever Larix species coexist
sympatrically with gypsy moth they are usually a major food plant of
the insect. This statement is valid not only for Western, Middle and
Eastern Siberia, but for Eastern Asia - China (McFadden et al., 1981)
and Japan (Furuta, 1982) as well. Feeding experiments show that larch
needles are a superior food species for Transbaikal and Middle Siberian
gypsy moth populations (Kondakcv, 1963, 1979; Kondakov et al., 1967).
Similar results were found in Tuva (Vshivkova, 1978) and South Baikal
(Rozkov & Vasilyeva, 1982) populations. Larvae from the populations in
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no-larch localities such as Voronezh region and Southern Urals,
however, grew poorly and died when fed larch (Kelus, 1939; Amirkhanova,
1962). When grown in the laboratory on larch needles, the larvae of a
number of West European and North American populations of gypsy moth
were brought to imago (Mosher, 1915; Schedl, 1936; Jankovic, 1958), but
these researchers never featured larch among the species most
favourable for the gypsy moth.

The following experiment compares the growth, development, food
utilization efficiency and feeding behaviour of the larvae from
European and Asian gypsy moth populations on larch and on willow.

Betula
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Figure 3. Relative indice of mortality of gypsy moth first instar
larvae when growing on a number of food species. Gypsy moth
populations: I - Ukraine; II - Karpats; III - Tataria; IV - Bashkiria;
V - Zauralje; VI - Tuva; VII - Altai. Mortality of the "Ukraine"
population is taken as 100%; the figures denote true indice of
mortality, %.
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Methods
Growth and Development

Larvae from the egg clusters of "Ukraine-oak," "Ukraine-
willow," and "Ukraine-acacia" as well as Altai populations were used.
We took 10 egg clusters from each locality. When about 70% of the eggs
hatched, 10 larvae from each egg-cluster were placed into a glass
chamber where they were grown to pupation, food was changed daily,
mortality, number of instars, pupation time and weight of pupae were
recorded. On the whole, 400 larvae were used in the experiment, 100
larvae (10 chambers) from each population. The larvae were fed needles
of Siberian larch from five 20-year-old open-grown trees. Before
feeding, the needles were thoroughly mixed.

Simultaneous to the start of the above experiment, 50 first instar
larvae from the Altai and Ukraine-oak populations were placed into
larger glass chambers in three replicates each. These larvae were fed
with the leaves of willow (Salix viminalis L.). The food was changed
every day, pupation time and weight of the pupae were recorded.

Consumption and Utilization of Food

The feeding experiments were performed on fourth instar larvae
from the Altai and Ukraine-oak populations that had been fed in the
laboratory on larch needles from the first instar. Food consumption
and utilization was estimated by a standard gravimetric technique
(waldbauer, 1968). Nutritional indices were calculated on the basis of
the weight of leaves consumed (C), feces dropped (F) and larva body
biomass gained (P):

AD (approximate digestibility) = (C-F)-C-1-100. %

ECD (efficiency of conversion of digested food) = P'(C-F)-l'
100, %; _

ECI (efficiency of conversion of ingested food) = P-C 1'100,
¥

RCR (relative con§Emption rgfe) = mg consumed - (mg mean
larval biomass) ( day) ~.

RGR (relatiYe growthlrate) = mg biomass gained - (mean larval
biomass) ~ - (day)”.

Induced Feeding Preferences

Ability to induce feeding preference for first instar larvae of
the Altai and Ukrainian populations was compared for larch. The
preference tests were carried out immediately after hatching and after
three and eight days of feeding on larch. Individual larvae were
offered disks from leaves of Salix viminalis L. and larch needles.
Feeding on each food or rejection were recorded for a day and the
distribution of feeding on each food was analyzed between the
populations by chi-square test. Each test had 100 larvae, 10
replications of 10 larvae each. Each larva was used only in one
experiment.
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Results

The experiment showed remarkable difference of the Altai
population from the Ukrainian in the major parameters of growing and
developing on larch trees. The results in Tables 1 and 2 are based on
the data from 30 out of 40 chambers, because in four chambers with the
"Ukraine-acacia" population and in six with "Ukraine-oak" population,
most of the insects died from disease. As sex identification of the
living larvae was not reliable, males and females in the data of Tables
1 and 2 are not differentiated.

Table 1. Development time and mortality of the gypsy moth
I-V instar larvae from different geographical populations
when feeding on Larix sibirica Ledeb.

Population Development time, days Mortality, %
Ukraine:
Willow 38.4 + 1.1 (34)+ 66.0 + 3.2 (10)++
Acacia 35.9 + 1.0 (36) 40.0 + 13.4 (6)
Oak 33.5 + 0.6 (31) 22.5 + 8.5 (4)
Altai 25.8 + 0.4 (85) 14.0 + 8.3  (10)

Note: in brackets + = number of larvae; ++ = number of chambers,
10 larvae in each.

Analysis of the material obtained shows that the Altai larvae are
different from the Ukraine populations in the development time (Table
1, in all variants P<0.05). Mortality recorded in the Altai insects
and the larvae from the "Ukraine-oak" and "Ukraine-acacia" populations
were similar (Table 1, P>0.05); mortality differed most in "Altai" and
"Ukraine-willow" populations (Table 1, P<0.01). The development time
of all four populations coincided only in the first instar, the
majority of other larval instars of the Ukrainian populations had a
markedly prolonged time of development. The development of the Altai
population was more synchronous.

The weight of the male and female pupae (Table 2) from the Altai
was much greater (P<0.05) than any of the Ukraine populations which did
not differ from each other (P>0.05). Since the moths of Asian gypsy
moth populations are known to be larger than European ones (Vnukolsky,
1926), the superior growth of individuals from the Altai populations
fed larch needles may be due to an inherited property of larger
individual size rather than these larvae being better adapted to larch
than larvae from the Ukraine. However, when larvae from Altai and
"Ukraine-oak" populations were fed willow, the weights of the male and
female pupae from the two populations were statistically insignificant
(Table 3). Thus, the greater weight of Altai compared to Ukraine
larvae fed larch is due to better adaptation to larch of the former.
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There is evidence similar to these data in the literature.
Amirkhanova (1962) and Idrisova (1983) both showed the mortality of the
gypsy moth in the Bashkir ASSR (Europe) to be elevated when feeding on
larch. When grown simultaneously on the leaves of Betula pendula
Roth., the Bashkir gypsy moth differed little from the larvae of the
Tuva population (Asia) in the rate of consumption and growth, time of
development and the weight of the larvae and pupae (Vshivkova, 1982).
Derevyanko et al. (1985), at my request, grew larvae of the Ukrainian
and Siberian gypsy moth populations on oak leaves under the natural
conditions in the Black Sea preserve in the Kherson region. The weight
of the pupae from these populations did not differ (for males 359.5 +
17.0 mg, and 969.8 + 26.5 mg for females).

Table 2. Weight (mg) of the pupae of different gypsy moth
populations grown on Larix sibirica Ledeb.

Population Males Females
Ukraine:
Willow 387.7 + 28.9 (19) 911.9 + 46.6 (11)
Acacia 378.8 + 24.8 (21) 918.8 + 29.9 (15)
Oak 362.8 + 45.8 (11) 936.5 + 89.4 (13)
Altai 521.6 + 35.1 (32) 1454.3 + 89.4 (13[

Note: in brackets = number of larvae.

Thus, we find that all of the European and Asian gypsy moth
populations feeding on different food species have similar success in
developing on the species of Betula, Quercus, Salix, and Padus. These
are hosts which I.V. Kozhanchikov (1950) regards as a sort of trophic
standard for Lymantria dispar L. species. However, when gypsy moth
larvae are exposed to food species that are somewhat outside the scope
of the trophic standard, clear differences arise, usually with the more
polytrophic Asian populations’performing better.

The results of the experirent on comparing the efficiency of
feeding of the larvae from the Altai population to that of the
"Ukraine-oak" are given in Table 4. They enable us to argue that the
earlier observed differences .in the weight of the pupae from Ukrainian
and Siberian gypsy moth populations are based on the significantly
lower rate of growth of the Ukrainian larvae. The growth raté is, in
its turn, limited by the lower consumption rate. The larvae of the
Ukrainian and Altai gypsy moth populations had little difference in
digestibility and efficiency of food conversion. This prompts us to




Table 3. Weight (mg) of pupae of different gypsy moth
populations grown on Salix viminalis L.

Population Males Females
Ukraine 670.0 + 21.5 (25) 1453.4 + 83.9 (24)
Altai 687.6 + 14.5 (51) 1666.1 + 53.2 (27)

Difference: P> 0.6 P = 0.05

Table 4. 1Indice of gypsy moth fourth instar larvae from

different geographical populations feeding on
Larix sibirica Ledeb.

Feeding Populations Significance of

indice Altai Ukraine differences
AD, % b1.2 + 4.4 33.6 + 2.6 05l W B 042
ECI, % 9.1 + 0.7 8.2 + 0.4 0.2 <P <O0.b4
ECD, % 18.8 + 1.7 26.8 + 3.4 0.2 <P < 0.4
RCR 2.56 + 0.25 1.40 + 0.08 P < 0.01
ng/mg/day
RGR 0.25 + 0.05 0.11 + 0.003 P < 0.01
ng/mg/day

suspect the reason for differences in consumption rate is in

differences in sensory system perception. Gypsy moths from the two
geographical populations likely differ in their perception of food

plants falling outside the scope of the trophic standard of the

species.

As we are now unable to study directly the differences of the

sensory input of the gypsy moth larvae, we attempted to do it
indirectly - analyzing the features of their trophic behaviour.

This

was done by comparing. the ability of first instar larvae from the
Ukraine and Altai to develop induced feeding preference when growing on

larch needles. This comparison (Table 5) showed no cardinal

differences in the initial response of the caterpillars from the Altai
and Ukraine to willow and larch. Thcugh the ratio of the larvae from
two populat%ons feeding on willow and larch during the experiment
differed (X~ = 4.9; P<0.05), willow enjoyed significant preference in
both cases. However, after three days of feeding on larch needles, the
larvae from the Altai showed some induction of larch prefsrence (x~ =
2.6; P =70.1) and this was increased on the eighth day (x~ = 10.1;
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P<0.01). The larvae from the Ukraine, on the Eontrary. decreased larch
preference significantly after 3 and 8 days (x~ = 9.6; P < 0.01).

Thus, the larvae of the Altai population showed clear induction
preference for larch needles, while those from the Ukraine showed a
learned aversion to larch.

The induction of preference for previously eaten food is known to
come into action in the insects by lowering the sensitivity of the
deterrent receptors by repeated feeding on a species of food
plant(Schoonhoven, 1969). This results in increased intensity of
feeding on previously consumed food. The sensory mechanism of the
induction of aversion to previously eaten food isn't clear so far.

This is to a great extent due to our poor knowledge of the modification
mechanisms of the deterrent receptors.

The long~duration of larvae from the Ukrainian population on one
host plant - oak - seems to have lowered the threshold of their

Table 5. Food selection by first instar larvae from the
Ukrainian and Altai gypsy moth populations fed first on
larch needles and then given a choice between
larch (L) needles and willow (W) leaves

Percentage Days previous feeding on larch needles
selecting 0 3 8

Altai population

L only 11.0 + 3.1 24.0 + 3.7 32.0 + 3.3
L+W 22.0 + 4.4 27.0 + 4.2 36.0 + 6.0
W only 53.0 + 6.0 47.0 + 3.7 30.0 + 4.7
No feeding 12.7 + 4.0 5.0 & 2.2 2.0 £ i3]
Ukrainian population

L only 4.0 + 1.6 0 0

L+W 12.0 £ 2.5 2.0 + 1.9 5.0 + 2.2
W only 65.0 + 3.4 74.0 + 4.0 90.0 + 3.0
No feeding 19.0 + 3.8 24.0 + 7.6 5.0 + 2.2

deterrent receptors, making them more sensitive to the biochemical
features of new biologically active food - larch needles. The
terpenoids of the conifers are known to lower the consumption rate of
the larvae from a number of the European gypsy moth populaticns
(Meisner & Skatulla, 1975). Inadequate sensory input information of
the larvae from the Ukrainian gypsy moth population seems to lower the
insect's consumption (and growth) rate and affect the direction of its
feeding preference. Therefore, the local oligophages - the larvae frcm
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the Ukrainian population - fed previously on larch needles lowered its
consumption on subsequent days, while the considerably more polytrophic
larvae of the Altai population showed increased preference for larch.
The material obtained proves that the intraspecific trophic
differentiation of polyphagous Lepidoptera at the level of ecologically
isolated populations does not affect an insect's ability to learn, but
affects the ability of the larval sensory periphery to perceive or code
information coming from the food plant. The ability to activate
detoxications system gives any gypsy moth population the potential to
be polyphagous. Long-duration feeding on one species of the food plant
ensues in adapting the insect's physiological systems to more complete
utilization of food (Kolybin & Zelinskaya, 1975), but simultaneously
can reduce the possibility of successful development on other
host~species. The latter can take place both owing to induced
preference to the host-plant and to lowering the deterrent threshold of
the sensory systems, affecting the intensity of feeding on new food.

CONCLUSION

This work has illustrated differences in the evolution strategy of
European and Asian (Siberian) gypsy moth populations. Adaptations to
climatic properties of the region caused the European populations to
lose double-stage migration, resulting in intensive parapatric
divergence of local phytophage populations. In Europe, selection
results in the forming of local trophic specializations where larval
hatching is timed to the beginning of bud-burst of the major host plant
for the given locality and, hence, chronological isolation of the
diverging groups.

Parapatric divergence is observed both in European and Asian
populations of gypsy moth (Baranchikov, 1987), but with the latter it
is hampered by high migration activity of the moths and larvae. The
flight ability of the Asian gyspy moth females determines the majority
of the specific properties of pest populations in the northeastern
Palearctic. Unpredictable conditions of these localities are
responsible for their high ecological elasticity: frost resistance of
eggs, preadaptation to a wide range of food plants, morphologic, colour
and physiological polymorphism. High variability of these
characteristics is associated with elevated genetic polymorphism of the
Asian populations compared to European and American ones (Harrison et
al., 1983; Derevyanko et al., 1985).

Comparative study of geographical gypsy moth populations in
northern Eurasia is just beginning. These investigations can be a
fruitful foundation for revealing the role of ecological mechanisms in
evolutional transformations of herbivorous insect populations. The
results of these studies can and will be applied to developing regional
programmes of forest protection from gypsy moth.
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SUMMARY

Comparison of ecological properties of a number of geographical
gypsy moth populations in Eurasia revealed differences in evolutionary
strategy of European and Asian (mainly Siberian) populations of the
species.

Adaptations to the milder climatic conditions of the region made
European populations lose the double-stage migration habit, resulting
in parapatric divergence of local polyphage populations, connected, in
particular, to the local trophic specialization. Elevated polyphagy of
Siberian populations was demonstrated by experiment. This is a
consequence of adaptation to unpredictable conditions of habitats of
this species in continental Asia. Local trophic specialization reduces
successful development of gypsy moth larvae on a number of plant
species, especially those falling out of the scope of the trophic
standard of this phytophage species.
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R EFyAy T Iy OI'N' Sj HI'E P B E E i
CHEMISTRY AN SuU E i B
TO LYMANTRIA DISPAR

S TWEEN OLIAR
D SCEPT I E T'TW

Michael E. Montgomery, USDA Forest Service, Northeastern
Forest Experiment Station, Hamden, Connecticut 06514 USA

INTRODUCTION

An outstanding characteristic of the gypsy moth is its very broad
host range and ability to adapt to novel hosts. The gypsy moth is by
far the most polyphagous of the 40+ species of Lymantriidae in North
America. It can utilize more than 60 host species, which exceeds by a
factor of five the maximum diet breadth of 28 other major forest
defoliators in North America (Northnagle & Schultz, 1987). In Europe,
the gypsy moth attacks about half of the 185 native tree species
(Kurir, 1953). Jankovic (1958) reported that 45 species of forest
trees, 11 species of fruit trees, and 24 species of shrubs were
completely defoliated during an outbreak in Yugoslavia. Although the
gypsy moth has adapted to several novel tree genera in North America,
e.g., Hamamelis, Liquidambar, Sassafras, and Carya (Lechowicz &
Mauffette, 1933). it may be less polyphagous on that continent than in
Europe. There are genera common to both continents (e.g., Juglans,
Cornus, Celtis, and Ulmus) that do not seem to be to the gypsy moth's
liking in North America, but are readily fed on in Europe. In North
America, the native Robinia pseudoacacia is a poor host (Mosher, 1915),
but in Europe it is fed on heavily by gypsy moth (Jankovic, 1958) and
colonies may persist in robinia thickets for several successive years
(Sidor & Jodal, 1983).

The more restricted host range and host adaptability of North
American compared to European gypsy moth would be expected since the
gypsy moth in North America apparently was derived from a single, small
introduction from Western Europe 120 years ago (Forbush & Fernald,
1896). While some genetic variation in diet breadth has been reported
for North American gypsy moth (Rossiter, 1987), this is not as striking
as in Europe. For example, oak, willow, and robinia forests in the
Ukraine each have distinctively colored gypsy moth biotypes (Kireeva,
1986). The greatest diversity in gypsy moth life history and color
patterns, however, is in Eastern Asia (Goldschmidt, 1934). Baranchikov
(this proceedings) presents strong evidence that the gypsy moth in
Asia, where females fly, is more polyphagous than in Europe.

Although the gypsy moth has a broad host range and the ability to
adapt to novel hosts, it generally avoids plants with a well-developed
qualitative chemical defense such as alkaloids (Barbosa & Krischik,
1987). Plant families on which the gypsy moth prospers, such as
Fagaceae and Betulaceae, seem to depend largely on quantitative
defenses such as tannins. Quantitative defenses are not very toxic in
small dosages and act by reducing digestion efficiency (Feeny, 1976).
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These defenses may not present much of an evolutionary barrier to
colonization, but they nevertheless may have considerable impact on an
insect's population dynamics.

Tannins are widely distributed in vascular plants and can be
divided into two major groups: the condensed tannins (proantho-
cyanidins), which are flavanol derivatives, and the hydrolyzatle
tannins, which are esters of glucose, usually with one or more gallic
or hexahydroxydiphenic acids. The former are ubiquitous in woody
plants while the hydrolyzable tannins are absent in some gypsy moth
hosts such as Populus deltoides (Meyer & Montgomery, 1987) and Acer
macrophyllum (Swain, 1979).

The significance of tannins in defense of plants against insect
herbivores has been questioned from both an ecologicadl (Bernays, 1981;
Martin & Martin, 1983) and evolutionary ( Beart et al. 1985; Scalbert
and Haslam, 1987) perspective. Many Lepidoptera, including the gypsy
moth, apparently are able to utilize leaves with high tannin content
because they have surfactants and high pH in the midgut that inhibit
tannin activity (Martin et al., 1985). However, to achieve a strongly
alkaline midgut, considerable energy must be expended since leaves have
pH values of 4.1-6.2 and are well buffered (Schultz & Lechowicz,
1986). Thus, the ecological activity of tannic acid could reside in
its function as an organic acid rather than a protein precipitator.
There also is evidence that the toxicity of tannins may not necessarily
be due to the formation of insoluble protein complexes (Mole &
Waterman, 1987; Blytt et al., 1988)

Regardless of the mode of action of tannins, it seems that any
effect they have on the gypsy moth would be subtle and not the strong
deterrent response that more species-specific defenses such as
diterpenes (El Nager & Doskotch, 1980) have on the gypsy moth. Thus,
in the following comparisons of foliar tannin content and insect
performance, it is possible that a cause/effect relationship may be
swamped by any of several other factors that determine the nutritional
quality of foliage for gypsy moth. With this in mind, free sugar
concentrations in the foliage will be examined with the larval
performance variables.

Since there has been extensive research on the suitability of tree
species as gypsy moth hosts, relationships will be examined between
variation in foliar chemistry and larval performance for several
species of trees. Variation in host chemistry and larval performance
will be examined within a single species and within an individual
tree. While larger differences in parameters are likely to be seen
across species, the role of generally distributed secondary chemicals
such as tannins may be detected more readily through intraspecific
comparisons since qualitative variation in chemistry would be less and
unidentified factors would be fewer.

Larval growth and feeding preference will be used to bioassay the
quality of the foliage. Martinat & Barbosa (1987) found that the
order of acceptability in choice tests was the same as the order of
host suitability for gypsy moth growth. This implies that if tannins
are deleterious, the gypsy moth should be able to directly taste or
otherwise detect dietary tannin. Whether or not the gypsy moth can
taste tannin is uncertain, however. Meisner & Skatulla (1975) reported
that adding tannic acid at 0.2% dry weight to polystyrene lamellae
containing ethanol extracts of Quercus robur did not reduce gypsy moth
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feeding. The extract of Q. robur was highly phagostimulatory (it
likely contained sugars and tannic acid). I have found that adding
tannic acid or wattle condensed tannin at 0.1-5% to artificial diet has
no effect on feeding rate, but adding 0.5% tannic acid to lettuce
leaves increases feeding (unpublished). Feeding on several nonhosts,
including potato, was increased if they were sprayed with tannic acid
solutions (Gornitz, 1954). Dethier (1982) found that the gypsy moth
dces not have a receptor that fires in response to tannic acid, but
that tannic acid does inhibit firing of sugar receptors. Thus, at the
onset, it cannot be predicted whether tannin/growth relationships will
complement tannin/preference relationships.

EXPERIMENTAL

Variation Between Species

Methods. Gypsy moth larvae were reared individually on excised

fourth instar until pupation. Initial larval fresh weight

(x 0.16 to convert to dry weight), development time, and dry pupal

weight were recorded. The frass was collected and the nitrogen content

of it and the larvae were determined by the Kjeldahl method and used to

calculate nitrogen utilization efficiency (NUE) (Montgomery, 1982).

Relative growth rates (RGR) were calculated as: ln(wf/wi)/t. where

wf = weight final, wi = weight initial, and t = days elapsed.

Tgere were two Series of tests, both of which were maintained at
21 + 1°C and 90-100% relative humidity. In Series I, larvae and
leaves were placed in petri dishes. In Series II, larvae and leaves
were placed in 0.4-liter paperboard containers with the leaf petiole
inserted in a vial of water. Foliage was collected and renewed three
times per week.

For chemical analyses, a subsample from each foliage collection
was immediately frozen and weekly samples were pooled, freeze-dried,
and ground to pass through a 0.2-mm mesh. Weighed samples (60 + 2 mg)
were extracted by stirring with 1C ml of 50% methanol for 2 hr at room
temperature. After centrifugation (2,400 RCF), aliquots of the
supernatant were taken for these tests: Total phenolics, Folin-Denis
reagent with tannic as a reference (Rosenblatt & Peluso, 1941);
condensed tannins, heated for 2 hr at 950 in butanol-5% hydrochloric
acid with purified red oak tannin as standard; free sugars, gas
chromatography after converting the sugars to oximes and then
trimethylsilylethers (Method 18, Handbook and Catalog 1986-1987, Pierce
Chemical Co., Rockford, I11.). Nitrogen was determined on 0.5-gm of
leaf powder by the Kjeldahl method using Kjeltec equipment,

Results. Table 1 shows that growth of late-stage gypsy moth
larvae was best on foliage from Salicaceae species. Growth was not
necessarily similar within a family or even a genus. This is seen most
clearly with the Betula; good growth occurred on B. populifolia and
poor growth on B. lenta. In the Series II tests, growth was better
than expected on Fagus grandifolia and Carya ovata, which generally are
not thought of as primary gypsy moth hosts. The data from both series
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are for the last half of larval life and do not show that establishment
and growth of young larvae on many of these hosts was poor compared to
growth on oak.

Association of RGR with the other factors listed in Table 1 was
tested using Spearman's coefficient of rank correlation (r_), which
tests for monotonic functional relationships. This is moreé appropriate
than Pearson's product-moment coefficient, which measures degree of
linearity between two variables. Also, a nonparametric procedure
should be used since species cannot be considered samples from a
bivariate normal distribution. Within Series I, RGR was closely
associated with NUE (r_ = 0.91). This implies that something that
affects nitrogen utilization, such as protein being bound by tannin,
may have occurred. However, the relationship of condensed tannin with
RGR was 0.56 (p < 0.05) and with NUE was 0.30 (p < 0.05). Only total
phenolics were negatively associated with RGR (-0.46), though this too
was not significant. Free sugar and nitrogen were poorly associated
with RGR, 0.13 and 0.14, respectively. Series II species are too few
to draw statistical correlations. However, these data seem to exhibit
the same relationships observec with Series I species. Thus, although
gypsy moth growth seems closely related to nitrogen utilization,
growth could not be linked to any of the four chemical variables that
could perhaps affect nitrogen utilization.

Variation within a Tree
CCmmye win, P lorvsi itailionnii

Methods. Q. velutina foliage was collected from outer branches
located in the upper, middle, and lower thirds of the crown on two
dates: 2 weeks and 6 weeks after bud opening. There were seven
dominant trees ranging in height from 4-8 m in the test.

Part of each leaf sample (one from each tree/position on each
date) was used for chemical and physical measurements. After freeze
drying, the leaf lamina were weighed and area measured with a Li-Cor
area meter. In addition to the chemicals reported for the species,
hydrolyzable tannins were measured with Chinese gallotannin as a
standard (Halsam, 1966).

Preferences for leaves were determined by giving larvae a choice
between leaves from two areas within a tree crown. With 2-week-old
leaves, whole leaves were used and with 6-week-o0ld leaves, 2-cm-dia
discs were cut and used. Both were placed in petri dishes on moistened
filter paper and either five instar II larvae (2-week leaves) or a
single instar IV larva (6-week leaves) were added and allowed to feed
overnight. Leaf area consumed was measured and multiplied by the leaf
specific weight to obtain dry weight consumed. Each choice-pair
within a tree was replicated 8 times with differences in feeding on a
choice-pair within a tree pooled. For statistical analysis, a
randomized block design with trees as the blocking factor was used with
each of the three choice-pairs for each leaf age tested against zero.

Results. Two weeks after bud opening, foliage in the lower part
of the crown was preferred over foliage from higher levels in the crown
(Table 2). This situation was reversed at 6 weeks after bud opening



Table 1. Relative growth rate (RGR) and nitrogen utilization (NUE) of female larvae
reared from instar IV to pupation and the chemical contents of foliage used for rearing.

Total Condensed Free Total
RGR NUE phenolics tannin sugar nitrogen
(mg/mg/day) (%) (%) (%) (%) (%)
Host species
Series I
Quercus rubra 0.100d 27404 11.4bc 9.9c 3.1c 2.11de
Q. alba 0.104d 40.6bc 14.7ab 3.1le 3.8¢c 2.06e
Q. prinus 0.105d 35.5¢c 14.5ab 11.7b 3.5e 2.09e
Salix lucida 0.131ab 43.7b 12.8bc 15.2a 5.1b 3.06a
Populus deltoides 0.127bc 47.0ab 11.5bc 3.5e 3.7c 2.68b
P. grandidentata 0.142a 49 .5ab 11.6bc 15.0a 3.8¢c 2.41c
P. tremuloides 0.142a 55.6a 11.6bc 13.8ab 5.2b 2.19b
Betula lenta 0.075e 17.7e 16.1a 3.0e 3.5¢ 2.34¢
B. populifolia 0.119c 38.8bc 10.4¢ 11.0bc 3.0c 2.194
Carpinus caroliniana 0.103d 24.8de 17.0a 15.2a 6.6ab 2.32c
Alnus serrulata 0.088e 30.4cd 16.5a T-s1'd 8.0a 2.73b
Series II
Quercus velutina 0.096b 24 . 2e 14.2a 4.0c 5.2b NM
Fagus grandifolia 0.111a 39.9a 14 . 4a 6.5b 5.7b NM
Carya ovata 0.103ab 33.0b 8.6¢c 3.7¢c 7.0a NM
C. cordiformis 0.091b 28.8c 11.0b 1.2d 5.2b NM
Robinia pseudoacacia 0.074¢c 23.2e 10.6b 9.8a 0.9c NM
Tsuga canadensis 0.068c 26.2ce 8.6c 0.9d NM NM

[543

NM = not measured.

Values in columns within a series not followed by the same letter are significantly
different (p < 0.05), Bonferroni t-test was used for larval parameters because of unequal
sizes (n = 3 to 10), and Tukey's hsd for chemicals (n = 4).
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when upper crown foliage was preferred over lower crown foliage.

Table 2. Consumption by larvae given a choice between folizge from
two crown strata of black oak.

Foliage age Crown strata Respective consumption Signific?nce
(weeks) choice-pair mg dry wt/larva level™
Two Top vs mid 0.70 1.16 0.006
Two Mid vs low 0.96 1.45 0.008
Two Top vs low 0.99 127 0.052
Six Top vs mid 37.35 16.17 0.001
Six Mid vs low 32.96 25.48 0.010
Six Top vs low 37.50 20.01 0.001

il

Analysis of variance on the difference in consumption for
each pair tested against zero, df = 1, 12; see text for model.

Chemical composition of Foliage from each third of the tree crown
is given in Table 3. Total phenolics, hydrolyzable tannin, and
condensed tannin were higher in lower canopy foliage at 2 weeks. At 6
weeks, however, total phenolics and condensed tannin were higher in the
upper crown foliage. Free sugar also followed this pattern.
Hydrolyzable tannin remained higher in the lower crown folizge. In
this case, the gypsy moth chose to feed on leaves with the highest
condensed tannin and free sugar contents.

Effecgtis of Stress
(Defoliation)

Methods. Black oak foliage was collected during the lest 2 weeks
of June when natural gypsy moth populations were in the fourth and
fifth larval instars. A heavily defoliated stand was pairec¢ with an
undefoliated stand of similar species composition and structure. In
one case the stands were fairly close, within 2 km of each other. In
the other case, the stands were 100 km distant. All sample leaves
selected from the defoliated stand, where overall more than 75% of the
foliage had been consumed, had some damage, but usually less than
one-third of the leaf lamina had been eaten. Sample leaves from
undefoliated stands had no damage and were from trees similzr to the
defoliated sample trees in size and in amount of solar radiztion
received. There were 10 trees selected from each stand. Leaves from
each tree were analyzed chemically as detailed in the prececing
sections.

Choice tests were conducted with fourth- or fifth-inster larvae
that had been reared on Q. rubra foliage prior to use in the assays.
Two 2.3-cm-dia discs from a_defoliated tree were paired with two discs
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Table 3. Chemistry (% dry wt.) of black oak foliage from each third
of the tree crown at 2 and 6 weeks after budbreak.

Crown Total Hydrolyzable Condensed Free
strata phenolics tannin tannin sugars

Two-week foliage

Upper 28.7a 15.5a 0.08a 0.68a
Middle 27.2a 15.7ab 0.19a 1.14a
Lower 34.2b 18.5b 1.03b 1.26a

Six-week foliage

Upper 27.7b 5.9a 38.4b 8.20b
Middle 25.4ab 5.9a 31.4b 7.70b
Lower 23.4a 8.7b 12.4a 6.44a

Z Different letters after chemicals in an age group indicate that
they are different statistically at p < 0.05, Tukey's hsd test.

from an undefoliated tree in a petri dish. Each defoliated tree was
tested once against each undefoliated tree (100 tests for each pair of
stands). One larva was added to each dish in early evening when the
larvae naturally begin to feed. Leaf area consumed was measured when
about 50% of the discs were consumed.

Results. The three measures of phenolics usually were higher in
the defoliated stand foliage, although only total phenolics were
significantly different in both pairings (Table 4). Free sugars were
much lower in defoliated than in undefoliated foliage in both pairs of
stands. For both the nearby and remote stand pairs, larvae ate more
foliage from the undefoliated stands than from the defoliated stands.
These data suggest low levels of free sugars and high levels of
condensed tannin as the most likely reasons for the rejection of leaves
from defoliated trees.

DISCUSSION

Comparison of larval performance and foliar chemical parameters
across several tree species showed a positive relationship between
growth rate (RGR) and nitrogen utilization (NUE). This implies that
the ability of the gypsy moth to digest and utilize dietary protein may
be growth limiting. Since tannins are ubiquitous in gypsy moth hosts
and have the potential to reduce digestion of proteins, it is
reasonable to presume that tannins would affect foliage suitability.

On the basis of Feeny's (1969) pioneering research, we would expect the
condensed tannins to be more active than the hydrolyzable tannins
because they are more effective at reducing digestion of protein at the
highly alkaline pH that prevails in the midgut of caterpillars.
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However, a positive association was observed between gypsy moth growth
and condensed tannin across tree species in this study.

Table 4. Chemistry and larval choice of foliage from naturally
defoliated and undefoliated black oak forests.

Foliar content (% dry wt.) Larval
Total Hydrol. Cond. Free choice
Choice-pairs phenolics tannin tannin sugar (No.)
Nearby stands
Defoliated 12.9 1553 21.0 3.0 32
Undefoliated 181951 18.1 11.4 5.1 57
Prob. level 0.007 0.30 0.017 0.001 0.01
Remote stands
Defoliated 15.4 14.6 22.0 2.5 12
Undefoliated 12.5 8.6 19.0 7.4 52
Prob. level 0.001 0.090 0.22 0.001 0.001

A Probability of incorrectly declaring that the defoliated
and undefoliated stands are different, t-test for chemicals and
chi-square for larval choice.

A study by Lechowicz (1983) examined the natural distribution of
gypsy moth larvae and egg masses on several tree species in relation to
foliar chemistry. Lechowicz's analysis suggested that gypsy moth
larvae prefer trees with tough, dry leaves which also have high
ccndensed tannin levels with preferences affected little by total
phenolics or nitrogen. Similarly, levels of herbivory on tropical
foliage were found by Coley (1983) to be most highly correlated with
toughness, followed by fiber content. Phenolic measures were the least
well correlated with herbivory. Feeny (1970), contrary to what the
title of his paper implies, concluded that leaf toughness was the chief
factor in deterring insect hertivores from feeding on mature oak
foliage. The intimate association of condensed tannin with leaf
toughness illustrates the difficulty in separating out which individual
leaf traits are important determinants of foliage nutritional quality.

Another critical problem in attempting to establish the role of
broadly distributed chemicals across several species of trees is that
their role may be overshadowed by more potent species-specific
secondary chemistry. Comparisons within a species or individual tree
should better detect the influence of quantitative variation of a
chemical because qualitative differences in foliar chemistry should be
much less. Examination of foliage within a tree crown complimented the
across-species findings, providing additional evidence of a positive
relationship between gypsy moth host preferences and condensed tannin
content. However, a similar relationship was found with free sugars,
which were highly associated with condensed tannin (r_ = 0.88). This
illustrates the difficulty in attributing variation in insect
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performance to levels of a single specific chemical. The upper crown
leaves in this study were primarily sun leaves and the lower crown
leaves were primarily shade leaves. A similar positive relationship
was reported (Montgomery, 1986) between growth and total phenolics,
condensed tannin, and free sugar of gypsy moth reared from the fourth
instar to pupation on sun and shade leaves of Q. rubra and Q. prinus.
Within unstressed oak trees, foliage preferences seem to be related to
high sugar and high condensed tannin levels.

Variation in foliar chemistry associated with tree species and
location in the tree crown are examples of constitutive chemistry.
This chemistry can be changed or induced by stress such as
defoliation. Defoliation-induced changes in chemistry are thought to
be an active defensive response to reduce foliage quality in order to
negatively impact the population dynamics of the herbivore. The strong
nonpreference reported here for foliage from heavily deloliated trees
implies that this foliage was lower in quality. That leaves from
defoliated trees consistently had lower levels of free sugars and
higher levels of total phenolics supports the contention that
defoliated leaves are lower in quality; however, neither hydrolyzable
nor condensed tannins were consistently connected with nonpreference
for defoliated leaves. Schultz and Baldwin (1982) examined leaf
traits of Q. rubra that were 50% defoliated by a gypsy moth outbreak
and - compared this to values from undefoliated trees on the other side
of a small ravine. Condensed and hydrolyzable tannins were not
measured, but ability to precipitate protein (tanning) was higher in
leaves from the defoliated trees (54 vs. 37%4). Leaves from defoliated
trees also were tougher and had a slightly higher content of total
phenolics (7.6 vs. 6.1%) than leaves from undefoliated trees.

One problem with such studies of natural defoliation is the
selection of a nondefoliated control. Protecting trees from
defoliation in an outbreak area by cages or pesticides risks altering
foliar chemistry or affecting palatability. Selecting trees on a
different, undefoliated site has the risk that differences in chemistry
are due to constituitive differences betweeen sites rather than to
induction from defoliation. Conversely, in selecting leaves from a
defoliated stand where most of the-foliage already has been consumed,
the remaining leaves that are selected for tests may not have been
missed by the caterpillars due to chance, but may have been rejected
because they were initially less palatable.

Studies that examine growth of gypsy moth on artifically
defoliated trees remedy these ambiguities, though this technique also
has inherent problems, such as how and when to defoliate artificially.
Valentine et al. (1983) reported that artificial defoliation of Q.
velutina reduced free-sugar levels in leaves and that this was
correlated negatively with gypsy moth pupal weight. No relationship
was found with several of the other factors measured (individual
sugars, minerals, and amino acids), and no secondary chemicals were
measured. The recent study by Rossiter et al. (1988) examined
phenolics but not nutrients in artificially defoliated Q. velutina.
Here, defoliation levels of 10-60% were correlated with total phenolics
(r = 0.42), hydrolyzable tannin (r = 0.43), and tanning (r = 0.44), but
not with condensed tannin. Female but not male pupal weights were
negatively correlated with the phenolic measures and percent
defoliation. When all the measured phenolics were placed in a
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regression model along with defoliation, less than 50% of the variation
in pupal weights was accounted for. Thus, nonphenolic components of
foliage chemistry also may have affected pupal weight in this study.

Although considerable variation in the chemistry of the host
foliage can be identified and it can be established that the gypsy moth
responds to variation in foliage quality, the ecological significance
of specific foliar chemicals is dificult to define because variation of
tae chemicals often is correlated. It is particularly difficult to
identify the effect of phenolics because the gypsy moth's response is
paradoxical; i. e., phenolics seem to be positively correlated with the
quality of the foliage when the variation is constituative and
negatively correlated when it is induced. Since all of the phenolic
assays measure structural classes rather than molecular species,
important changes in the "quality" of the phznolics may have been
overlooked. The importance of molecular structure on protein binding
and other biological functions of tannins has been discussed
extensively (Zucker, 1983; Hagerman & Butler, 1981; Beart et al., 1985;
Wisdom et al., 1987). It would seem that a prerequisite to the
establishment of meaningful ecological relationships between dietary
phenolics and the gypsy moth would be identification of the active
chemicals and their mode of aczion..
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DEVELOPMENT AND PHENOLOGY OF

EGGS OF GYPSY MOTH, LYMANTRIA

DI SPAR (LEPIDOPTERA:

LYMANTHRIIDAE)); IN ONTARIO

D.B. Lyons and T.J. Lysyk, Canadian Forestry Service,
Great Lakes Forestry Centre,
P.0. Box 490, Sault Ste. Marie, Ontario, Canada P6A 5M7

INTRODUCTION

Gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lymantriidae),
vas first observed in Ontario in 1969 (Sippell et al. 1970). During
the 1980s, the species underwent dramatic increases in distribution
and population levels, which peaked in 1985 at about 246 X 10* ha of
moderate-to-severe defoliation (Howse 1987). The insect is now
distributed throughout the southeastern part of the province.

Several forms of biological control have been attempted against
this insect. In the year following the peak of the infestation,
approximately 103 X 10°® ha were treated with multiple aerial
applications of the biological insecticide, Bacillus thuringiensis
(Howse 1987). During the early 1980s, several releases of biological
control agents, especially egg parasitoids, were made (Wallace 1987).
As an aid to timing spray operations, to releasing biological control
agents and to understanding gypsy moth population dynamics, we began
to develop a process-oriented phenology model to describe development
of gypsy moth near the northern distribution of its range.

Oviposition by gypsy moth occurs in summer on a variety of
substrates on and around the host plants (Johnson et al. 1983).
Larval development within the egg is completed shortly after egg
deposition (Masaki 1956). Embryonated eggs are the overwintering
stage. Diapause in the egg stage is obligatory (Leonard 1968a) and is
terminated after a prolonged chill period (Masaki 1956). There are
sexual differences in egg hatching times; the first larvae to eclose
are predominately females (Leonard 1968b).

Egg developmental times at constant temperatures have been
determined from European populations of gypsy moth (Rubtsov 1938,
Pantyukhov 1962). The threshold for egg development has been
estimated to be from 3 to 6°C and apparently varies with the length
of the cold storage period (Rubtsov 1938). Relative humidity has
little effect on development times (ibid.). The effect of temperature
and exposure time on diapause termination was investigated by Masaki
(1956). Johnson et al. (1983) presented a degree-day (DD)

accumulation model for initial and mean egg eclosion. A mathematical
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model of egg eclosion was presented by Waggoner (1984) wherein
hnatching was described as a Poisson process. Giess and Casagrande
(1981) reviewed the literature on egg development.

The most difficult and critical stage for which to predict
phenological events, for most insects, is the overwintering stage.
This results in part from our inability to differantiate between
diapause termination and morphogenesis (Rubtsov 1338), and the
extreme variability of spring temperatures, especially in northern
climates. Estimated thresholc temperatures for develcpment are also
difficult to estimate (Rubtsov 1938, Campbell et al. 1974), as are
development times for insects reared at low temperatures.

The purposes of this paper are to: (1) determins the effects of
temperature on post-diapause development of an Ontario strain of
gypsy moth eggs in the laboratory: (2) investigate variability in egg
hatch at constant temperatures; (3) examine the effacts of spatial
‘distribution on development variability and survival; (4) compare egg
microclimatic temperatures with the standards of conventional
meteorology; (5) compare DD egg hatch predictions with actual hatch
in the field and (6) develop and validate a simulaticn model for
phenology of gypsy moth eggs under variable temperatures in the
field.

MATERTIALS AND METHODS
Laboratory Rearing

Gypsy moth egg masses were collected from six sites in southern
Ontario (Perth, Queensborough, Kaladar, Rock Lake, Depot Lake and
McLean) in September of 1986. The egg masses were initially stored in
a chamber at 15°C for 4 d and then moved to a chambar at 6°C. The
temperarture was then reduced to 2°C, and the egg masses remained at
thet temperature throughout the winter. In mid-Macch the egg masses
wvere removed from cold storage and surface sterilizad by submersion
in a 10% solution of formalin for 1 h followed by rinsing in tap
water for 1 h. The egg masses were placed individuwally in 7-dram
plastic snap-cap vials. Ten egg masses were placed in each of 11
cor.stant temperature chambers (5.5, 8.0, 11.0, 13.6, 15.0, 18.5,
204y 2415 255 Bl-4-and) 82.75CH:

Two additional sets of 10 egg masses were placed in each of the
three chambers with the lowest tenperatures. One of the two sets was
alternated daily between the three low temperatures and 18.5°C. The
other sets were left at the three low temperatures for 22 d and then
were moved to the chamber set at 18.5°C.

Additional egg masses were co_lected in April 1987 simultaneously
from two locations (Castleton ard Gordon Rapids, Ont.) and at two
vertical strata (above or below 1 m) at each location. These egg
masses vere transported to the laboratory in cold storage where they
wvere surface-sterilized and placed in individual vials. Ten egg
masses from each condition were reared at 27.5°C until the completion
of hatch.

All egg masses were examined twice daily at about 0800 and 2000
hours until the completion of eclosion. Newly eclosed larvae were
removed and counted.
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Temperature-dependent Development

Development times and rates (l/time) were calculated for eggs
hatching at each constant temperature. Estimated times (t,) for
development of individuals at low temperatures were determined from
the following:

€, s L (A - (tH / EH)] [1]
vhere t, = actual time spent at the low temperature (i.e., 22 d), t
= the tIme individuals spent at 18.5°C prior to eclosion and tH = tge
average time required to complete development at 18.5°C.

A quadratic equation of the form r(T) = A + BT + CT? and a linear
function of the form r(T) = a + bT were used to describe development
rates (r(T)) of eggs as a function of temperature T (°C).

Individual development times at each temperature were normalized
by division by the mean time for the respective temperatures.
Variation in hatch around the mean development times was described
by means of a cumulative Weibull function (Eq. [2]) (Wagner et al.
1984): 8
F(x) =1 - exp( - ((x - v)/n) [2]
wvhere F(x) = the proportion of the population that had completed
development by normalized time x, and vy, N and B are parameters
estimated by nonlinear regression.

Field Development

In the fall of 1987, a Stevenson screen meteorological shelter
(Atmospheric Environment Service, Environment Canada) was set up on a
mown lawn in Tweed, Ontario. A data logger (Campbell Scientific Inc.,
Ogden Utah, Model CR-7) was connected to three copper-constantan
thermocouples in the screen. Twenty egg masses were collected on 17
November 1987 from Frankford, Ontario and were placed in individual
snap cap vials. One set of 10 vials was placed in an 18 by 13 by
11-cm plastic box in the Stevenson screen and another set was placed
in a plastic box on the ground under the Stevenson screen. One
thermocouple junction was placed in each of the plastic boxes while
the third was suspended inside the Stevenson screen. The data logger
was programmed to sample the thermocouples every 5 s and to output
the average temperatures for every hour. On 7 April 1988 the box
under the Stevenson screen was moved into the screen.

Twenty egg masses were marked in a hardwood stand 2.0 km ESE of
the weather station and an additional 10 egg masses were merked in
another stand 8.7 km ENE of the weather station prior to eclosion. A
barrier of Tangletrap was placed around each egg mass to prevent the
dispersal of newly eclosed larvae. These egg masses and the egg
masses at the Stevenson screen were examined daily throughout the
emergence period and newly eclosed larvae were counted and removed.

Bark Microclimate
Copper-constantan thermocouples (36-AWG) were taped to bark

surfaces of trees within hardwood stands in which the egg masses were
marked for examination of eclosion. The thermocouples were wired to a
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data logger programmed as described previously. Bark temperatures
vere regressed as a linezr function, after natural logarithmic
transformation, of air temperature recorded at the remote weather
station.

Degree-day Accumulations

To compare the prediction of Johnson et al. (1983) with observed
field eclosion, DD above a threshold of 3.0°C were accumulated from
1 January until the end of egg eclosion from the hourly average
temperatures recorded by thermocouples in the Stevenson screen and in
the plastic boxes contairing eggs. To determine the effect of
threshold temperature (T, ) on DD accumulations, T, was varied between
3.0 and 5.0°C in 0.5°C increments for air temperatures recorded in
the Stevenson screen.

Formulation of Model

The development model used by Lysyk and Axtell (1987) for
development of house fly immatures was adapted to simulate gypsy moth
egg hatch. Development rztes, for each hour of the day, were
determined from the temperature-dependent solution to the linear or
quadratic rate equations. Average hourly temperatures recorded in the
Stevenson screen were used as model inputs. Mean rates were
accumulated and used to solve Eq. [2] to determine the proportion of
the population that had completed development. Simulations for each
model were run with 1 January, 1 February, 1 March and 1 April
starting dates.

RESULTS
Temperzture-dependent Development

No eggs hatched at 5.5°C and a laboratory mishap prevented
observation of hatch at 8.0°C. Development times and rates (1/days)
for the other constant temperatures are listed in Table 1. For both
development rates and times, coefficients of variation (CV) increased
with increasing temperature (Table 1). Parameter estimates (SE) for
the quadratic function (Fig. 1) relating development rate to
temperature were A = -0.1079 (0.0187), B = 0.0145 (0.0019) and C =
-0.0002 (R? = 0.977). This gives a development threshold of 8.4°C.
For the linear relationship (Fig. 1) between development rate and
temperature, parameters vere a = -0.0143 (0.0002) and b = 0.0044
(0.00001) (r? = 0.855), the two highest temperatures with apparent
high temperature inhibition being omitted. A linear development rate
function was constructed from the average median hatch data (i.e.,
317.2 DD) and the 3.0°C development threshold provided by Johnson et
al. (1987). This function, r(T) = -0.0096 + 0.0032 T, is also
illustrated in Figure 1 for comparison.

Estimated development times and rates for eggs either alternated
daily or moved after 22 d from low to high temperatures are listed in
Table 2. Estimated times and rates for both treatments are similar
for 5.5 and 8.0°C. However, the CVs for the treatments are
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considerably different. Among samples for which mean times and rates
vere estimated at 11.0°C, the sample moved after 22 d came closest to
the observed time and rate. Analysis of Eq. [1] yielded an
interesting property of the relationship. As the individual times at
the high temperature (tH) approach the mean time (%,) at the high
temperature (i.e., ratio t, / ¥, » 1) the estimated time at low
temperature (t,) becomes very unstable (Fig. 2). As a result of this
instability, estimated rates were not used in the construction of
temperature-dependent rate functions.

Eggs collected from heights less than 1 m on the boles of host
trees survived considerably better than did eggs collected above 1 m
on the boles (Table 3). There were small significant differences
(t-test, o = 0.05) in development times for these eggs when they were
reared in the laboratory at constant temperatures. Survival of the
eggs did not affect variability of the eggs, as indicated by the
values of the CVs (Table 3).

Variability in Development

Since the coefficients of variation for hatch times were
temperature dependent, variability was described from the development
times at the constant temperatures the insects were most likely to
experience in the field. Consequently, a cumulative Weibull function
(Eq. [2])) was fitted to normalized times for 11.0, 13.6, 15.0 and
18.5°C (Fig. 3). Parameter estimates (SE) for the cumulative function
wvere y = 0.7519 (0.0125), n = 0.2704 (0.0132) and B = 2.9442 (0.1389)
(R? = 0.961).

A variance component procedure (SAS Institute 1985) was used to
compare variability within and between egg masses. Normalized times
vere used so that egg masses exposed to each temperature could be
pooled. The ratio of the between-egg mass variance component to the
within-egg mass variance component was less than 1, an indication
that most variation occurred within egg masses. The coefficients of
variation for normalized hatch times for individual egg masses, when
compared with pooled egg masses, increased only from 10.4 to 11.7%.
Hence, if the effects of individual egg masses are ignored, only a
small amount of variation remains unexplained.

Bark Microclimate

At higher temperatures, average bark temperatures were
significantly higher than corresponding air temperatures recorded in
the Stevenson screen. Bark temperature as a function of air
temperature (Fig. 4) was:

y = 0.061 (SE = 0.030) + 1.004 (SE = 0.011) x (r? = 0.935) (31
wvhere y = natural log of bark temperature and x = natural log of air
temperature.

Degree-day Accumulations

DD accumulated above a 3.0°C threshold were compared with egg
hatch of natural populations and eggs housed in the Stevenson screen
(Fig. 5). For natural eggs, 2.0 and 8.7 km from the Stevenson screen,
air temperatures resulted in an accumulation of about 352 DD to the
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Table 1. Mean development tinmes (SE) and rates (SE) for
gypsy moth eggs reared at constant temperatures.

Temp Mean time cv Mean rate cv

(°C) n (d) () (17d) %)

32.7 1283 10.0 (0.04) 12.83 0.1022 (0.0004) 13.21
31.4 1297 9.7 (0.04) 15.25 0.1056 (0.0004) 14.04
27.5 2124 9.0 (0.03) 16.a7 0.1142 (0.0004) 14.84
24.1 2551 9.6 (0.02) 12.71 0.1052 (0.0002) 11.32
20.4 2837 12.7 (0.03) 12.68 0.0801 (0.0002) 10.98
18.5 2286 13.3 (0.04) 12.97 0.0763 (0.0002) 11.79
15.00 22591 W75\ ((0.503) O V. 0.0577 (0.0001) 8.34
13.6 2284 25.3 (0.05) 9.04 0.0398 (0.0001) 8.64
11.0 2732 41.4 (0.04) T2 0.0243 (0.0000) %13

Table 2. Mean observed development times (SE) and
estimated development rates (Eq. [1]) for gypsy moth eggs
moved between low temperatures and 18.5°C.

Estimated Estimated
Temp Mean time cv time rate
(°C) (d) %) (d) (17d)
11.02 2517 18.2 (0.03) 7.77 28.8 0.0347
8.0? 2717 21.8 (0:05) 11.52 60.4 0.0166
S.Si 2568 23.2 (0.05) 11.60 90.8 0.0110
11.0b 2982 275 (0:02) 4.01 37.5 0.0267
8.0b 2528 30.3 (0.02) 3.21 58.5 0.0171
SeD 3147  31.9 (0.02) 3.03 86.1 0.0116

2 Jlternated daily

%8.5°C

between irdicated temperature and

moved to 18.5°C after 22 d at indicated temperature

Table 3. Proportion surviving and development times (SE)
at 26.0°C for eggs collected at two heights on the boles.

Survival Time cv

Location Height n (%) (d) (%)
Castleton >1m 3643 6%2 8.2 (0.06) 10.70
<1m 3933 79.1 7+ (0-01) 1033

Gordon Rapids > 1 m 2577 15.0 7.0 (0.04) 10.07
<1m 3055 €1.9 6.7 (0.02) 10.70

2 initial number of

oggs
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Fig. 3. Cumulative frequency distribution of egg hatch as a function
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cumulative Weibull function fitted by nonlinear regression.
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onset of hatch and a median hatch at about 380 DD. Eggs housed in and
under the Stevenson screen began to hatch at about 428 and 408 DD and
median hatch occurred at about 445 and 500 DD, respectively.
Correcting the air temperatures with the bark temperature function
increased the number of DD to onset of hatch for field egg
populations to about 385 and the median hatch to about 420. Some of
the egg masses stored in and under the Stevenson screen got wet from
snow melt in the spring, and low survival resulted. This may have
accounted, in part, for the discrepancies in accumulated hatch as a
function of DD between the natural and boxed egg masses.

Varying the development threshold from 3.0 to 5.0°C resulted in
significant differences in accumulated DD by the time of larval
eclosion from the eggs (Fig. 6).

Computer Simulations

Figure 7 shows the results of the computer simulations in which
the three different rate equations were used. The four lines in each
graph, from left to right, are the predicted eclosion for simulations
beginning on 1 January, 1 February, 1 March and 1 April. For all
three rate equations, the later the simulation starting date, the
better the prediction. The linear model resulting from our
constant-temperature rearing data deviated the most between predicted
and observed for all starting dates. The linear model constructed
from the temperature constant for median hatch and threshold provided
by Johnson et al. (1983) was used in a successful prediction of egg
hatch with a starting date of 1 April. When the model incorporating
the quadratic function was used the onset of hatch was underestimated
by only a couple of days for the same starting date. However, the
model based on the quadratic function (Fig. 7C) was less sensitive to
changes in the starting date than the models based on either linear
rate. In all cases, our descriptions of variability seemed to
reflect adequately the observed variability in egg hatch.

DISCUSSION

Development rate equations, derived from constant temperature
rearings, coupled with a variability function, were used to construct
rate-summation models of phenology for gypsy moth eggs. Techniques
similar to those employed by Lysyk and Axtell (1987) for house fly
immatures and Casagrande et al. (1987) for modeling the development
of the larval and pupal stages of the gypsy moth were used to predict
the spring eclosion of gypsy moth from the egg.

Estimation of development times, and consequently rates, at low
temperatures has been considered essential for predicting the
development of overwintering stages of an insect. Although insects
may develop at these low temperatures, the protracted development
time required generally results in poor survival. To overcome this
problem, development times at low temperatures can be estimated from
insects moved between low and high temperatures (Régniére 1987).
Utilization of this technique for gypsy moth eggs resulted in some
negative estimated development times. This prompted us to analyze the
procedure through the use of simulation techniques. As the ratio of
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time spent at the high temperature for completion of development,
after movement from the low temperature, to the total development
time required for complete development at the high temperature
approached one, the relationship became very unstable. If individual
development times were greater than the mean time required at the
high temperature negative estimates resulted. Consequently, these
estimated times were not emplcyed in construction of
temperature-dependent rate functions.

Most variability in egg eclosion times for gypsy moth eggs
occurred within egg masses. Variability between egg masses only
increased overall variability by a small amount. This suggests that
small numbers of egg masses provide an adequate representation of
variability and can be used ir egg hatch investigations.

Lov survival, in some years, of eggs well above the ground on the
tree bole has been attributed to low winter temperatures (Leonard
1972). Eggs lower on the bole have a higher survival rate as a result
of the insulating effects of snow cover. Campbell et al. (1974)
suggested that low temperatures. resulting in mortality of insects,
selectively kill individuals that cannot develop at low temperatures.
Our observations indicate that vhen mortality caused by low
temperatures occurs, the resulting variability of survivors is no
different than that of egg masses that experience little or no
mortality.

The use of normalized development times. pooled for all
temperatures (Wagner 1984), is based on the assumption that
variability is proportional to the mean development time for all
temperatures. The observation made here that the coefficient of
variation for development times of gypsy morh eggs varied with
rearing temperature suggests that this assumption may not be valid
for all insects and their stages. We conclude that normalized times
derived from the constant temperatures within the range of average
temperatures that the insects would experience in the field would be
more appropriate.

Degree-day accumulations described by Johnson et al. (1983)
were inadequate for predicting the onset or median of egg hatch
observed in the present study. Degree-day accumilations were also
extrenely sensitive to small changes in threshold temperature and
starting dates.

Considerable differences exist between the temperatures in the
microenvironments in which insects dwell and thz standards of
conventional meteorology (Wellington 1950). Altaough these
microclimatic differences have been investigated for the larval
stages of gypsy moth (Anderson et al. 1987), such relationships have
not been explored for the egg s:age. Degree-day summations made by
Johnson et al. (1983) for predicting egg hatch were based on daily
maximum and minimum temperatures recorded at a weather station 2.0 km
from the stand in whick the eggs were collected. Empirical
relationships presented here indicate that bark temperatures can be
described as simple lirear functions of meteorological standards.
However, gypsy moth eggs are widely distributed throughout their
habitat and occur in a variety of places; eggs are found at various
heights on the tree, ir different aspects with regard to solar
radiation and on or uncer different substrates near the ground
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(ibid.). These various microhabitats represent different
microclimates in which the eggs undergo development. Nicolai (1986)
has demonstrated that differences in temperature exist even between
bark fissures and ridges in Quercus spp. A more thorough
investigation of these relationships is required to predict gypsy
moth egg hatch accurately.

The linear development rate equation, when incorporated into the
rate summation model, was inadequate for predicting egg hatch
regardless of the simulation starting date. The linear function
constructed from Johnson et al. (1983) data permitted accurate
prediction of the hatch date opnly for the simulation with a 1 April
starting date. The quadratic function also enabled prediction of egg
hatch within a couple of days of actual hatch and was less sensitive
to starting date than the linear function-based models. That the
quadratic function had a much higher threshold value (8.4°C) and was
less sensitive to fluctuations of spring weather than were the linear
models suggests that the threshold for development rate accumulation
may not be as low as predicted with the aid of either linear
function. For all models variability in egg hatch was well
represented by the Weibull function.

Overwintering development of insects has been described as a
biphasic process (Logan et al. 1979). The first phase consists of
diapause development, while the second phase involves morphogenetic
development. A portion of the population may complete diapause
development and begin morphogenesis while the remainder of the
population remains in diapause. This phenomenon may account for the
discrepancies in reported development rates and thresholds, resulting
from different storage treatments, that exist in the gypsy moth
literature. Development rates for European eggs (Rubtsov 1938,
Pantyukhov 1962) were much higher than the rates presented here.
These higher rates probably reflect differences in storage
temperatures and times rather than geographic differences. Eggs used
in our development studies had probably completed diapause
requirements and the 2°C storage temperature inhibited subsequent
development. The late starting date of the accurate predictions
suggests that a more complete knowledge of the temperature and time
relationships for diapause termination in gypsy moth eggs may help us
understand better the processes involved and may enhance our ability
to predict this critical phenological event.

To predict gypsy moth phenology throughout the summer requires
that spring development of the egg stage be accurately predicted. The
model presented by Waggoner (1984) is inadequate for predicting
variability in egg hatch and does not lend itself well to
conventional modeling techniques used to model phenology of other
stages of gypsy moth (Casagrande et al. 1987). The model described
here employs similar techniques and would be a suitable starting
point for such a comprehensive model.

SUMMARY
Rate-summation modeling techniques, incorporating development

variability, were used to predict eclosion from the egg by gypsy
moth. A quadratic temperature-dependent rate function was compared
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with two linear functions and proved to be less sensitive to changes
in the simulation starting dates. Variability increased with
increased rearing temperature. Consequently. variability was
mathematically described from temperatures that eggs would experience
in the field. The greatest amcunt of variability in hatch times
occurred from within egg masses: between egg masses added only a
small amount of variability. Feductions in survival resulting from
spatial distribution of egg masses had no effect on variability.
Techniques used to estimate development times of eggs at low
temperatures proved to be inappropriate. Published DD summations, to
cnset and median egg hatch, atove a 3.0°C threshold, were inadequate
for predicting egg hatch for field populations. Degree-day techniques
are shown to be very sensitive to changes in threshold value.
Differences between microclimatic temperatures and the standards of
meteorology also influenced DL predictions.
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NUTRITTIONA AL ECOLOGY: L YMANTRTIA
DI SPAR AS A MODEL SYSTEM FOR
STUDY OF SERUM STORAGE PROTETINS
David E. Leonard and Joseph G. Kunkel, Department of

Entomology and Department of Zoology, University
Massachusetts, Amherst, Massachusetts 01003, USA

The lepidopteran family Lymantriidae contains about
200 genera and about 2,500 described species, mostly from

the 01d World Tropics (DeWorms, 1983). Of the 46
recognized species and subspecies of Lymantriidae in North
America, 30% are considered pests (Ferguson, 1978). The

pest species include three introduced species which have
become established in North America, the gypsy moth,
Lymantria dispar (L.), the browntail moth, EBuproctis
chrysorrhoea L. and the satin moth, ZLeucoma salicis (L.).
These exotic species are of particular interest to us
because of their differing 1life history strategies and
varying levels of success in North America. The satin moth
is a minor pest of native and exotic species of poplar, but
has on occasion defoliated aspen forests in North America.
(Wagner & Leonard, 1979; 1980) . The browntail moth is
currently a refugial species in several maritime localities
in eastern North America (Schaefer, 1974), but populations
have recently rebounded (Leonard, 1988). The most
successful of the invading Lymantriids is the gypsy moth,
which continues to spread in North America.

With economically important species of Lymantriidae, a
wide variation in the degree of polyphagy exists, from the

rather narrow host ranges of the nun moth, Lymantria
monacha L., the Douglas—-fir tussock motith, orgyia
pseudotsugata (McD.), and the satin moth, to the more

catholic appetites of the gypsy moth and browntail moth.

Within the wide range of hosts that gypsy moth will
feed upon, performance and fitness can vary between species
of hosts (Barbosa & Greenblatt, 1981; Barbosa et al.,
1981). The quality of a tree host species will differ
according to foliage age, location of foliage on the tree,
and site conditions. (Wallner, 1987 and references
therein.). Leaf quality can decline in response to grazing
by gypsy moth larvae (Lance et al., 1986; Schultz &
Baldwin, 1982; Valentine et al., 1983; Wallner & Walton,
1979).

There is considerable current interest in insect-host
interactions encompassing the emerging field of nutritional
ecology. As noted by Slansky and Scriber (1985), the
amount, rate, and quality of food consumed influences
growth rate, developmental time, weight, dispersal ability,
and probability of survival; thus, the processes of food
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consumption and utilizaticen underlie and 1link the
physiological, behavioral, ecological, and evolutionary
aspects of insect life. Nutrient requirements for insects,
reviewed by Dadd (1975), include protein and amino acids,
carbohydrates, minerals, water—-soluble growth factors
including B vitamins. lipogenic factors, ascorbic acids,
nucleic acids, and lipid growth factors including essential
fatty acids, sterols, and fat soluble vitamins. Host-plant
selection by feeding 1insects involves attraction to a
potential food plant, arrest or cessation of locomotion,
and stimulation or deterrence of feeding (Hanson, 1983).
Allelochemical composition of food can influence
performance of an insect feeding on a particular food, and
often act in a negative, anti-biotic manner (Slansky &
Scriber, 1985).

The complexities of biotic and abiotic factors
relating to the nutritioral ecology of insects have
produced a large and growing literature (e.g. Slansky &
Rodriguez, 1987; Slansky & Scriber, 1985; and references
therein). As noted by our esteemed colleague, Professor
Vincent Dethier (1987), "Krowledge of all these newly
revealed capacities of plants and insects forces us to
reexamine our ideas of ecological relationships and
evolutionary hypotheses. We cannot fully comprehend what
populations are doing without understanding individuals nor
what individuals are doing without some understanding of
relevant features of their phkysiology and behavior."

Our group is wutilizing a unique approach to
nutritional ecology bv examiring the major nutrient storage
systems in insects: the serum, cuticular, and yolk storage
proteins. Insect storage proteins are synthesized
predominantly (c.f. Palli & Locke, 1987) by the larval fat
body, accumulate primarily in the hemolymph, and their
concentration increases enormously in the 1later larval
instars (Levenbook, 1985). The existence and persistence
of distinct groups of storage proteins suggests that they
have important functional roles in the physiology of
insects, and the absolute c¢r relative amounts of these
proteins would be diagnostic of the insects nutritional,
developmental, and behavioral state.

We have focused our attention on proteins, rather than
on carbohydrates and lipids. Nitrogen—containing compounds
play an essential role in growth processes of insects;
cellular growth, differentiation, internal and external
structural components, enzymes, carrier molecules,
pigments, and chromosomal material require and involve a
large investment of nitroger (Mullins & Cochran, 1983.).
The female gypsy moth is remarkably efficient in utilizing
nitrogen for egg production, incorporating nearly half of
that assimilated bv last stage larvae into eggs
(Montgomery, 1982). Serum storage proteins are not only
essential for development of larvae, pupae, and adults, but
also serve as a nutritional link between generations. Yolk
proteins are the primary nutrient resources in eggs (Kunkel
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& Nordin, 1985) and the nutritional quality of eggs |is
important to survival during embryogenesis, diapause, and
survival of pre-feeding neonates. The Lepidoptera in
particular have a complicated set of yolk proteins which
include vitellogenin, microvitellogenin, and egg specific
protein (Irie & Yamashita, 1983; Kawooya et al., 1986; Zhu
et al., 1986). This complexity of stored nutrient allows
for a complex message between the maternal and offspring
generation.

Animals are exposed to several thousand naturally
occurring molecules in the food they 1ingest (Turunen,
1985). Our paradigm in studies of nutritional parameters
is to examine how the nitrogenous compounds are utilized
after being absorbed from the midgut of feeding larvae.
From our prospective, the feeding gypsy moth larva is the
ultimate biological filtering system, accomplishing the
necessary steps in finding food, utilizing the appropriate
behavioral and chemosensory repertoires required for
ingestion, and 1in dealing with allelochemicals and other
feeding-associated adaptations. Nitrogen—-containing
compounds absorbed through the midgut form the metabolic
pool for biochemical and physiological processes necessary
for development. From this pool the fat body will
synthesize polypeptides and proteins and release them to
the serum as storage proteins, the major internal pool of
amino acid resource for development, growth and
reproduction.

The gypsy moth is proving to be an excellent model
system. The insect is readily cultured in the laboratory.
Feeding and accumulation of nutrients occurs only in
larvae, since adults are non—-feeding. Reserves accumulated
by the onset of the wandering stage in last instar larvae
provide the store of amino acids and proteins for pupae,
adults, and eggs. As perhaps the most studied of forest
pests, field aspects of the biology and ecology of the
gypsy moth are well documented, yet the wunderlying
physiological and biochemical processes have received
little attention.

PROTEINS ASSOCIATED WITH INSECT NUTRITION

Arylphorin (Ap).

The arylphorins are hexameric serum storage proteins
which may also be stored in the fat body close to the time
of metamorphosis (Tojo et al. 1978; 1980). Arylphorins
have been described in several species of 1insects from
several Orders, including an Ap isolated by our group from
gypsy moth (Karpells, Leonard, & Kunkel, in ms). The Ap
from gypsy moth is one of eight thus far described in
lepidopteran species. The gypsy moth Ap is a native Mr



440,000 hexamer composed of nonidentical subunits of Mr
73,000 and 80,000. Ap has been suggested to supply the

amino acids necessary for tissue remodeling during
metamorphosis. Ap is high in aryl groups which may be
related to the particular need by metamorphic stages for
phenolic hard cuticle and tanning substrates (Munn &
Greville, 1969; Levenbook, 1984). The greatest
concentration of arylphorin occurs in hemolymph in the
wandering stage, just prior to the prepupal stage. Ap may

play a supportive role in supplying the conduit that amino
acids must pass through in the hemolymph of the last stage
larva in order to take part in +the synthesis of
vitellogenins in the fat body.

Female specific protein (FSP).

FSP is a hexameric storage protein described in five
lepidopteran species. FSP, although structurally related
to Ap, is compositionally distinct, lacking the high aryl
content. FSP accumulates in the last larval instar and is
cleared and stored prior to use in the fat body (Tojo et
al., 1981). FSP 1is more actively synthesized in females;
in the best documented case, Bombyx mori, its disappearance
from the hemolymph and fat body 1is correlated with the

accumulation of vitellogenin (Tojo et al., 198l). We are
now reasonably certain that FSP is missing in Zymantria
dispar. This absence is important, since lack of FSP puts

more pressure on Ap as a storage vehicle for yolk protein
synthesis.

Lipophorin (Lp).

Lipophorin is a major insect serum protein (Chino et
al., 1981) used to shuttle lipids and hydrophobic compounds

between insect tissues. The level of Lp in insect serum is
potentially important in the rate of supply of lipids to
developing oocytes. Lp itself is taken up into oocytes in

substantial enough amounts to be considered physiologically
important within the oocyte (Kunkel & Nordin, 1985). Lp is
also an important factor 1in transferring diglycerides to
the developing oocytes, and substantial Lp is also itself
incorporated into the oocytes of some species of insects
(Kunkel & Nordin, 1985). It may be of nutritional and
physiological value to the developing embryos as has been
shown with Bombyx mori (Irie & Yamashita, 1980), and with
Musca domestica (Agui et al., 1985). Lp titer could also
affect the physiology of male L. dispar moths as a
transport of triglycerides required for fligat.

Vitellogenin (Vg).
The vitellogenins are the maternal serum precursors of

the major yolk proteins or vitellins (Vts), of the egg
(Kunkel & Nordin, 1985). Vitellogenin is the generic name
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for a unique group of proteins produced in the maternal fat
body in most insects and transferred to the developing
oocytes through the hemolymph (Hagedorn & Kunkel, 1979).
Most often there are multiple immunologically distinct Vts
in the egg (Storella et al., 1985), and these may be used
differentially during the embryonic development, such that
one of them is being utilized by the embryo <close to
hatching (Kunkel & Nordin, 1985). Differential synthesis,
or turnover, of one or multiple Vgs before storage in the
egg could dramatically affect the nutritional supply by
these proteins to the embryo or first instar larva. In
lepidopterans which do not feed in the adult stage, such as
the saturniid silk moths, Vgs are often synthesized
starting in the late larval and the pupal stage (Pan et
al., 1969). With gypsy moth we have found that synthesis
begins early in the wultimate stage of female larvae, with
Vg appearing in the hemolymph in small amounts on day
three. Vg accumulates most rapidly as Ap and FSP decline
in the last instar or prepupae of Bombyx mori, suggesting
that these proteins are the major potential sources or

precursors for VG synthesis (Izumi et al., 1989). In
Bombyx mori, Vt is not essential for embryonic development
(Yamashita & 1Irie, 1980); however, Vt may be an important

nutritional reserve for the pharate first instar larva
(Indrasmith et al., 1987).

Rgg—specific protein (ESP).

ESP is a yolk protein produced within the ovary of
lepidopterans. Its use during embryonic development has
been correlated with the early phase of embryogeny. ESP is
synthesized in the ovary and may rely on other serum
storage proteins, such as FSP or Ap in I. dispar to be
transported into the ovary and serve as an amino acid
source for egg proteins (Ono et al., 1975). The quantity
of ESP in the egg may determine the size, vigor, and subtle
behavior of the resultant larva since early embryonic
development consumes the stored ESP of an egg. Surveying
ESP levels may allow one to assess the nutritional state of
egg masses.

PROTEIN STUDIES OF GYPSY MOTH.

Production of antisera.

Antisera against purified proteins were obtained by
immunizing male, white, New Zealand rabbits wusing a
standard protocol (Kunkel, 1988). We have produced
antisera for the storage proteins Ap, Lp, Vg, Vt, and for
the ovarian protein, ESP.



Developmental profiles.

Profiles of Ap, Lp, and Vg have been developed for

daily-staged larvae, and prepupae, using quantitative
immunoelectrophoresis (QIEP) techniques outlined in Kunkel
(1988). These profiles ar= based on individual animals

reared at 24°C, 16:8 LD cycle, and fed ad 1ib. on the diet
of Bell et al. (1982). Prot=in profiles of eggs have been
determined by QIEP for Ap, Lp, and Vt and by gel
electrophoresis for ESP using homogenates of individual

eggs. For 1lst and 2nd instar larvae we use whole tissue
homogenates and for later stages we collect 1 ul of serum
from a small puncture 1in a proleg. We sex larvae by

dissecting and identifying testes or ovaries.
Maternal — egg profiles.

For correlations of maternal protein levels with those
of their progeny, 1 ul of hemolymph from female prepupae is
subjected to QIEP. The small puncture causes no apparent
trauma, and we rear females to adulthood for mating and to
obtain eggs to compare egg protein profiles with those of
the maternal larva.

PROTEIN PROFILES OF GYPSY MOTH

Arylphorin.

During each 1larval stadium, the concentration of Ap
(mg/ml) in the hemolymph shows a gradual increase, reaching
the highest concentration at early apolysis. As apolysis
progresses, Ap is rapidly cleared from the hemolymph,
providing an amino acid source for the newly forming larval
tissues. Newly molted larvae contain very low levels of
Ap. The titers of Ap in male and female larvae of instars
III and IV are similar until the metamorphic instar, V in
males and VI in females. These stadia are longer in
duration, and more Ap accumulates, reaching a level of 26.2
mg,/ml in males and 44.8 mg/ml in females. The extra larval
instar in females results 1in a substantially greater
absolute amount of Ap accumulation than in males. The
titer of Ap in eggs is low.

Lipophorin.

Lipophorin also displays some of the same cycling as
seen with Ap, but the concentration of Lp is much lower,
and remains at constitutive levels throughout development.
Lp reaches it’s highest concentration of about 5 mg/ml in
female prepupae and 4 mg/ml in prepupal males (Karpells,
Leonard & Kunkel, in prep.) with the higher concentrations
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as a function of the longer duration of the wultimate

instars. Concentration of Lp in eggs is highest in newly-
laid eggs.
Vitellogenin.

Vitellogenin appears in the hemolymph in low levels at
day three, and accumulates rapidly during the later third

of the wultimate instar of females. In wandering stage
larvae, Vg levels are ca. 25 mg/ml, and increase to ca. 30
mg/ml in prepupae. Vt levels in eggs are highest in newly

oviposited eggs, and our preliminary studies show about
1/2 of the Vt is utilized during embryogenesis, and about
90% is utilized by the time of eclosion of neonates.

Egg Specific Protein.

Titers of ESP are highest after eggs are deposited.
At completion of embryonation ESP is completely utilized.

IMPACT OF NUTRITIONAL STRESS ON PROTEIN LEVELS

The raising of antisera to Ap, Lp, Vg and ESP and
determination of their titer on daily stage animals fed ad
1ib. provides wus with the opportunity to compare the base
line levels of serum proteins of healthy animals with
levels in animals that have been stressed in the laboratory
or in field populations. These studies are just beginning
but our initial results show that wvarious nutritional
stress factors affect concentrations of proteins in serum
and chorionated eggs.

Defoliation-induced changes in leaf quality have been
shown to affect the population quality of the gypsy moth
(e. g. Capinera & Barbosa 1976, 1977; Lance et al., 1986;
Rossiter et al., 1988; Schultz, 1983; Schultz & Baldwin,
1982; Valentine et al., 1983; Wallner & Walton, 1979).
Lance et al. (1986) found that the addition of tannin at
2.5% of the total dry weight of the diet fed to third and
fourth stage gypsy moth 1larvae could induce behavioral
changes that approximated those observed during the shift
in diel periodicity in dense field populations of the gypsy
moth. In our studies (Leonard, Montgomery & Kunkel,
unpubl.) larvae fed continuously on 0.5% (wt/wt) diet with
tannin until apolysis of instar IV had 3 to 4% of the
amount of Ap found in larvae fed normal diet, levels too
low for molting to occur. Larvae switched from control to
tannin diet at stage IV and bled at apolysis IV had
reductions in Ap and Lp of ca. 30% and 20% respectively of
that in control-fed larvae.

Mid- and 1late-stage larvae show a reduction in Ap and
Lp levels in the serum after a two day period of food
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deprivation. In ultimate stage female larvae, starvation
after day four causes about a one—-third reduction in the
level of Vg in hemolymph of prepupae.

Leonard (summarized in 1974; 198l) described a series
of qualitative changes in the gypsy moth, including
variation in the rate of development, supernumerary molts,

coloration (phase polymorphism), fecundity, and size and
quality of eggs associated, in part, with nutrition.
Nutritional stress will be manifested in the amount and

quality of nutritional components (proteins) biosynthesized
for the egg by late-stage female larvae of the previous
generation. While the amount of storage proteins could
clearly be a factor in determining the number of eggs
produced by the female, it is our hypothesis that the
absolute and/or relative amounts of the storage proteins
may be causal or at least be correlated with the quality of
the eggs of gypsy moth such that a different behavior is
exhibited by the next larval generation.

We have initiated studies to determine protein
profiles of metamorphic female larvae in the wandering or
early prepupal stage after feeding has been completed, to
correlate maternal reserves with fecundity and partitioning
of Vt, ESP, and Lp in eggs. The role of vitellin reserves
in newly hatched larvae relative to dispersal of neonates
is of particular interest to us. Mason & McManus (1981)
summarized their studies on dispersal, reviewed the
research of others, and note that dispersal is an important
process in the population dynamics of the gypsy moth and is
still a subject of much controversy. The gate for
dispersal is narrow. McManus (1973) considered dispersal as
an innate tendency that larvae must satisfy before feeding.
Collections of dispersing larvae show that they produce
frass with 1little or no leaf constituents (Leonard, 1970a;
1971). Mason & McManus (1981) suggest that the "turnoff
mechanism” for dispersal :is likely associated with the

expending of energy reserves, the 1inability to produce
silk, and starvation. We believe that the tendency of a
1st instar larva to disperse greatly affects its

reproductive fitness in a given population level, and that
this propensity is reflected by both physiological and
behavioral adaptations. These factors would logically be
influenced by the amount, quality, and wutilization of
nutritive reserves in the egg and in newly hatched larvae
to sustain it during dispersal. The parameters relating to
the nutritive condition of eggs are: (1) a function of
synthesis storage proteins during late instars of female
larvae since adults do not feed; (2) the quality and
quantity of proteins available to the developing oocyte,
and (3) the utilization of proteins duringz the egg stage.
The role of yolk reserves and dispersal of neonates
remains to be resolved. Large gypsy moth eggs contain
about twice the yolk content of small 2ggs (Capinera et
al., 1977, Capinera & Barbosa (1967), Greenblatt & Barbosa
(1979), Campbell (1981) and Lance & Barbosa (1981) consider
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that larvae from larger eggs have a higher tendency to
disperse, whereas Leonard (1970) suggested that larvae from
smaller eggs or larvae that had depleted yolk reserves were
more active and dispersed more readily. McManus & Mason
(1983) suggest that physical factors probably exert greater
control of the extent of dispersal than size and quality of
individuals. Our technique of using QIEP to quantify
protein levels in individual animals provides an
opportunity to examine the nutritional status of dispersing
larvae. Using the wind tunnel of Carde & Hageman (1979) to
induce dispersal behavior of neonates, we have begun making
direct measurements of Vt of larvae which disperse as well
as those that remain on the platform in the airstream.

SUMMARY

We are wutilizing a unique approach to examine the
influence of nutritive parameters on the population biology
of the gypsy moth by examining the major nutrient storage
system in insects, the serum and yolk storage proteins. By
development of specific antibodies for the major serum
storage proteins, vitellogenin, lipophorin, and arylphorin,
and the ovarian-produced egg-specific protein, we can
examine changes 1in the titer and the profiles of these
proteins during development, and determine the influence of
stress factors such as the change in diel periodicity of
larvae, and influence of 1leaf polyphenols such as tannin,
on the quantity and quality of these proteins. One of the
advantageous features of our study is the ability to obtain
hemolymph samples for analyses of storage proteins without
sacrificing the insect. This allows us to compare the
profiles of prepupae of the previous geuneration which are
diagnostic of the major pool of nutrient reserves available
to the progeny via the egg. This approach will permit an
examination of the influence of events occurring in the
previous generation on fitness (nutritional) factors which
are important in the survival, dispersal, and the dynamics
of the succeeding generation. Interest in the
identification of serum storage proteins is growing.
Relatively few have been identified from a limited number
of insect species, but our efforts will add at least five
from the gypsy moth. We know of no other research group,
however, that has begun an intensive study of the role of
storage proteins in biological and behavioral parameters
relating to population quality or population trends. The
gypsy moth lends itself as an excellent model for such a
study, because of the importance of nutritional status as
it relates to behavior, dispersal, and host anti-herbivore
responsss. Equally exciting to us is the potential of
using data generated from immunoelectrophoresis to develop
discriminant functions to predict population trends.



Discriminant function analysis of biochemical parameters
has not yet been applied to assess a pkysiological or
behavioral class in insects.

ACENOWLEDGEMENT

We gratefully acknowledge the contributions of members
of our research group, Sharon T. Karpells, Raquel
Dompenciel-Rivera, Jose Rivera, Dr. Elizzbeth Bowdan, Stacy
Ciufo, and Luisa Cabrera. This research has been supported
by the U. S. Department of Agriculture Insect Pest Science
Competitive Grants Program and the Massachusetts
Agricultural Experiment Station.

LITERATURE CITED

AGUI, N., M. TAKAHASHI, S. IZUMI & S. TOMINO. 1985. The
relation between nutrition, vitellogenin, vitellin and
ovarian development in the housefly, Musca domestica.
Ji. I'nslect Physilole 3BIF “7U5-722:

BARBOSA, P. & W. BALTENSWEILER. 1987. Phenotypic
Plasticity and Herbivore Outbreaks. In: P. Barbosa
and J. C. Schultz (Eds.). Insect Outbreaks. Academic
Press, NY. Pp. 469-503.

BARBOSA, P. & J. A. GREENBLATT. 1979. Suitability,
digestibility and assimilation of various host plants
of the gypsy moth, Lymantria dispar (L.) Oecologia
43: 111-1189.

BARBOSA, P., P. MARTINAT & M. WALDVOGEL. 1986. Effects of
multiple plant species diets on the development and
reproduction of the gypsy moth Lymantria dispar (L.)
Eco'l= Emts D14 1-6%

CAPINERA, J. L. & P. BARBOSA. 1976. Dispersal of first-
instar gypsy moth larvae in relation to population
quality. Oecologia 26: 53-60.

CAPINERA, J. L. & P. BARBOSA. 1977. Influence of natural
diets and 1larval density on gypsy moth, Lymantria
dispar (Lepidoptera: Orgyiidae) egg mass
characteristics. Can. Entomol. 109: 1313-1318.

CAPINERA, J. L., P. BARBOSA & H. H. HAGEDORN. 1977. Yolk
and yolk depletion of gypsy moth eggs: Implications
for population quality. Ann. Entomol. Soc. Amer. 70:
40--42.

CARDE, R. T. & T. E. HAGAMAN. 1979. Behavioral responses
of the gypsy moth in a wind tunnel to air-borne
enantiomers of disparlure. Env. Entomol. 8: 475-484.



CHINO, H. RE o G. H. DOWNER, G. R. WYATT & L. I. GILBERT.
1981. Lipophorins, a major <class of lipoproteins of
insect hemolymph. Insect Biochem. 11: 491.

DADD, R. H. 1985. Nutrition: Organisms. In: G. A. Kerkut
and L. I. Gilbert (Eds.). Comprehensive Insect
Physiology, Biochemistry and Pharmacology. Vol. 4.
Pergamon, Oxford. Pp. 313-390.

DETHIER V. G. 1987. Concluding Remarks. 1In: V. Labeyrie,
G. Fabres & D. Lachaise (Eds.). Insects-Plants.
Proc. 6th 1Int. Symp. Insect-Plant Relationships (Pau
1986). Junk Publ., Dordrecht. Pp. 429-435.

DE WORMS, C. G. M. 1983. Lymantriidae. In: J. Heath & A.
M. Emmett (Eds.). The Moths and Butterflies of Great
Britain and Ireland. Harley, Essex. Pp. 66-78.

FERGUSON, C. C. 1978. The Moths of America North of
Mexico. Fasc. 22.2. Noctuiodea, Lymantriidae. E. W.
Classey Ltd., London, and the Wedge Entomological

Research Foundation. 110 pp.
HAGEDORN, H. H. & J. G. KUNKEL. 1979. Vitellogenin and
vitellin in insects. Annu. Rev. Ent. 24: 475-505.

HANSON. F. E. 1983. The Behavior and Neurophysiological
Basis of Food Plant Selection by Lepidopterous Larvae.
In: S. Amhad (Ed.). Herbivorous Insects. Academic

Press, NY. Pp. 3-23.

INDRASMITH, L. S., T. FURUSAWA, M. SHIKATA & O. YAMASHITA.
1987. Limited degradation of wvitellin and egg-
specific protein in Bombyx eggs during embryogenesis.
Insect Biochem. 17: 539-545.

IRIEs; Ko & 0O: YAMASHITA. 1980. Changes in vitellin and
other yolk proteins during embryonic development in
the silkworm Bombyx mori. J. Insect Physiol. 26: 811-
817.

IRIE, K. & O. YAMASHITA. 1983. Egg-specific protein in
the silkworm Bombyx mori: Purification, properties,
localization and titre changes during oogenesis and
embryogenesis. Insect Biochem. 13: 71-80.

ISUME, S., S. TOMINO & H. CHINO. 1980. Purification and
molecular properties of vitellin from the silkworm,
Bombyx mori. Insect Biochem. 10: 199-208.

KAWOOYA, J. K., E. O. OSIR & J. H. LAW. 1986. Physical
and chemical properties of microvitellin, a protein
from the egg of the tobacco hornworm, Manduca sexta.
J. Biol. Chem. 261: 10844-10849.

KUNKEL, J. G. 1988. Analytical Immunological Techniques.
In: L. I. Gilbert & T. A. Miller (Eds). Immunological
Techniques: Arthropods. Springer Verlag. In press.

KUNKEL, J. G. & J. H. NORDIN. 1985 Yolk Proteins. Ingl G.
A. Kerkut & L. I. Gilbert (Eds). Comprehensive Insect
Physiology, Biochemistry and Pharmacology. Vol. 1.
Pergamon, Oxford. Pp. 83-111.

LANCE, D. & P. BARBOSA. 1981. Host tree influences on the
dispersal of first instar gypsy moths, Lymantria
dispar. Ecol. Ent. 6: 411-416.



LANCE, D. R., J. S. ELKINTON & C. P. SCHWALBE. 1986.
Feeding rhythms of gypsy moth larvae: effect of food
quality during outbreaks. Ecology 67: 1630-1654.

LECHOWICZ, M. J. & Y. MAUFFETTE. 1986. Host preferences
of the gypsy moth 1in eastern North American versus
European forests. Rev. Entom. Quebec 32: 43-51.

LEONARD, D.. E. 1970a. Effects of starvation on behavior,

number of larval instars, and developmental rate of
Porthetria dispar. J. Insect Physiol. 16: 25-31.

LEONARD, D. E. 1980b. Intrinsic factors causing
qualitative changes in populations of Porthetria
dispar (Lepidoptera: lLymantriidae). Can. Ent. 102:
239-249.

LEONARD, D. E. 1971. Air-borne dispersal of larvae of the
gypsy moth and its influence on concepts of control.
J. Econ. Entomol. 64: 638-41.

LEONARD, D. E. 1974. Recent developments in ecology and
control of the gypsy moth. Annu. Rev. Ent. 19: 197-
229.

LEONARD, D. E. 1981. Bioecology of the gypsy moth. In:

C. C. Doane and M. L. McManus (eds.). The Gypsy Moth:
Research Toward Integrated Pest Management. US Dept.
Agric. Tech. Bull. 1584. Pp. 9-29.

LEONARD, D. BE. 1988. The browntail-moth, Fuproctis
chrysorrhoea (Lepidoptera: Lymantriidae) on Cape Cod,
Massachusetts. In: Ecology and Management of Exotic
Species. U. S. Dept. Interior, George Wright Soc. In
press.

LEVENBOOK, L. 1985. Insect Storage Proteins. In: G. A.
Kerkut & L. I. Gilbert (Eds). Comprehensive Insect
Physiology, Biochemistry and Pharmacology. Violls. #10..

Pergamon, Oxford. Pp. 307-346.
MASON, C. J. & M. L. MCMANUS. 1981. IlLarval dispersal of

the gypsy moth. In: C. C. Doane and M. L. McManus,
(Eds). The Gypsy Mozh: Research toward Integrated
Pest Management. Chapt. 4. US Dedt. Agric. Tech.
Bull. 1584: Pp. 161-202.

MCMANUS, M. L. 197:3. The role of behavior 1in the

dispersal of newly hazch gypsy moth larvae. US Dept.
Agric. For. Serv. Res. Pap. NE 267. 10 p.

MCMANUS, M. L. & C. J. MASON. 1983. Determination of the
settling velocity and its significance of larval disp
ersal of the gypsy moth. Env. Entomol. 12: 270-272.

MONTGOMERY, M. E. 1982. Life-cycle nitrogen budget for
the gypsy moth, Lymantria dispar, reared on artificial
diet. J. Ins. Physiol. 28: 437-442.

MULLINS, D. E. & D. G. COCHRAN. 1983. Nitrogen
Metabolism. In: R. G. H. Downer and H. Laufer (Eds.).
Invertebrate Endocrinology. Volume 1. Liss, NY. Pp.
451-464.

MUNN, E. A. & G. D. GREVILLE. 1969. The soluble proteins
of developing Calliphora erythrocephala, particularly
calliphorin and similar proteins in other insects. J.
Ins. Physiol. 15: 1935-1950.



379

ONO, S.-E., H. NAGAYAMA & K. SHIMURA. JOT 5% The
occurrence and synthesis of female- and egg-specific
proteins in the silkworm, Bombyx mori. Insect
Biochem. 5: 313-329.

PALLI, S. R. & M. LOCKE. 1987. Purification and

characterization of three major hemolymph proteins of
an insect, Calpodes ethlius (Lepidoptera: Hesperidae).
Arch. Ins. Bioch. Physiol. §: 233-244.

PAN, N. L., W. J. BELL & W. TELFER. 1969. Vitellogenic

blood protein synthesis by insect fat body. Science
164: 393.
ROSSITER, M. D., J. C. SCHULTZ & I. T. BALDWIN. 1988.

Relationships among defoliation, red oak phenolics,
and gypsy moth growth and reproduction. Ecology 69:

267-2717.

SCHAEFER, P. W. 1974. Population ecology of the brown-—
tail moth (Euproctis chrysorrhoea L., Lepidoptera:
Lymantriidae) in North America. PhD Dissertation,

University of Maine, Orono, 249 pp.

SCHULTZ, F. C. & I. T. BALDWIN. 1982. Oak leaf quality
declines in response to defoliation by gypsy moth
larvae. Science 217: 149-151.

SLANSKY, F. JR. & J. G. RODRIGUEZ. 1987. Nutritional
Ecology of Insects, Mites, Spider, and Related
Invertebrates: An Overview. In: F. Slansky, Jr, & J.
R. Rodriguez (Eds.). Nutritional Ecology of Insects,
Mites, Spiders, and Related Invertebrates. Wiley &
Sons, NY. Pp. 1-69.

SLANSKY, F. JR. & J. M. SCRIBER. 1985. Food Consumption
and Utilization. In: G. A. Kerkut & L. I. Gilbert
(Eds.). Comprehensive Insect Physiology, Biochemistry,
and Pharmacology. Vol. 4. Pergamon, Oxford. Pp. 87-
163.

STORELLA, J. R., D. M. WOJCHOWSKI & J. G. KUNKEL. 1985.
Structure and embryonic degradation of two native
vitellins in the cockroach, Periplaneta americana.
Insect Biochem. 15: 259-275.

TOJO, S., T. BETCHAKU, V. J. ZICCARDI & G. R. WYATT. 1979.
Fat body protein granules and storage proteins in the

silkmoth Hylophora cercropia: Comparisons with
calliphorin and manducin. Insect Biochem. 13: 601-
613

TOoJO, S., M. NATAGA & M. KOBAYASHI. 1980. Storage
proteins in the silkworm Bombyx mori. Insect Biochem.
10: 284-303.

TURUNEN, S. 1985. Absorption. In: G. A. Kerkut & L. I.
Gilbert (Eds.). Comprehensive 1Insect Physiology,
Biochemistry and Pharmacology. Volume 4. Pergamon,
Oxford. Pp. 241-278.

VALENTINE, H. T ren SR E. WALLNER & P. M. WARGO. 1983.

Nutritional changes in host foliage during and after
defoliation, and their relation to the weight of gypsy
moth pupae. Oecologia 57: 298-301.



380

WAGNER, T. L. & D. E. LEONARD. 1979. The effects of
parental and progeny diet on development, weight gain,
and survival of pre~diapause larvae of the satin moth.
Leucoma salicis (Lepidoptera: Lymantiriidae). Can. Ent.
L1 7.21=729..,

WAGNER, T. L. & D. E. LEONARD. 1979. Aspects of mating,
oviposition, and flight in the satin moth, Leucoma
salicis (Lepidoptera:Lymantriidae). Can. Ent. 111:
833-840.

WAGNER, T. L. & D. E. LEONARD. 1980. Mortality factors of
satin moth, Leucoma salicis (Lep.:Lymantriidae) in
aspen forests in Maine. Entomophaga 25: 7-16.

WALLNER, W. E. 1987. Factors affecting insect population
dynamics: Differences between outbreak and non-
outbreak species. Annu. Rev. Entomol 32: 317-340.

WALLNER, W. E. & G. S. WALTON. 1979. Host defoliation: A
possible determinant of gypsy moth population gquality.
Ann. Entomol. Soc. Amer. 72: 62-67.

YAMASHITA, 0. & K. IRIE. 1980. Larval hatching from
vitellin-deficient eggs developed in male hosts of the
silkworm. Nature 283: 385-386.

ZHU, sy L. S. INDRASMITH & O. VAMASHITA. 1986.
Characterization of vitellin, egg-specific protein and
30-k dalton protein from Bombyx eggs and their fates
during oogenesis and embryogenesis. Bioch. Biophys.
Acta. 882: 427-436.



381

SPATIAL RELATIONSHIPS OF DOUGLAS-FIR
TUSSOCK MOTH DEFOLIATION WITHIN

HABITAT AND CLIMATIC ZONES

Roy F. Shepherd, G. Allan Van Sickle and Dennis H.L. Clarke
Canadian Forestry Service, Pacific Forestry Centre,
506 West Burnside Rd., Victoria, British Columbia V8Z 1M5, Canada

INTRODUCTION

The distribution and abundance of organisms are two resultants of
the same dispersal process; changes in density over time are related
to changes in distribution over time (Andrewartha and Birch 1954)
Studies in population dynamics are often based on detailed changes in
survival over time with a view to determining the regulatory factors
of density. An alternate but just as valid approach may be to study
the changes in spatial distribution over time. Comparing outbreak
patterns with various environmental patterns could also provide
information on regulatory factors. An important advantage of this
approach is that regulatory factors detected through pattern
comparisons can be tested experimentally through population
introductions or changes in host species distributions within
different habitat types. A second practical consideration is that
modifications of the environment or host species may be indicated to
reduce pest impact. The purpose of this study is to determine
frequency of defoliation caused by Douglas-fir tussock moth, (Orgyia
pseudotsugata (McDunnough), in British Columbia within Biogeoclimatic
subzones, zones of climatic moisture deficit/surplus, and zones of
growing degree days.

Differences between areas in soils, topography, climate, etc.
result in new opportunities for organisms to become established and
compete. Over time, a climax plant community develops which is
characteristic for that area or site. 1In Europe, ecozones
characterized by basic groups of coinhabitating plants are termed
plant associations (Braun-Blanquet 1932), in western U.S.A. they are
called habitat types (Daubenmire 1968), and in British Columbia they
are called biogeoclimatic subzones (Krajina 1965, Pojar et al. 1987).
Where topography is relatively smooth or gently rolling, environmental
factors tend to change gradually. Habitat types and plant species
form a gradient of change without distinct boundaries (Curtis and
McIntosh 1951). In mountainous topography, environmental factors
change rapidly and habitat types are distinct with narrow ecotones or
boundaries. The forests of southern British Columbia fall into the
latter situation and an ecosystem classification characterized by
plant communities has proven quite useful in forest and land
management .

The differences between habitat types also affect the next
trophic level, i.e. the insect grazers, which are dependent for their
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survival and well-being upon finding the correct species of host
plants within a suitable climate. The fidelity of insects to specific
habitat types varies considerably, just as the specificity of plants
to certain habitat types varies from species to species. This habitat
specificity which often applies to the distribution of species, also
may apply to the distribution of outbreaks and result in a unique
defoliation pattern (Shepherd 1977).

A complicating factor in determining the correspondence between
defoliation and environmental patterns is the insect's ability to
disperse. We assume that there is not a mass transport of insects
which are capable, in themselves, of causing defoliation; i.e. there
must be local build up in a favourable environment before defoliation
can take place. This assumption is particularly valid for Douglas-fir
tussock moth as the female moths are flightless and dispersal is
restricted to short-distance travel by silk-drifting larvae (Mitchell
1979).

The best historical records of outbreak patterns of a forest
insect in British Columbia are for Douglas-fir tussock moth.

Outbreaks of this insect have, on the average, occurred somewhere in
British Columbia at about nine-year intervals. High larval densities
and the resultant defoliation usually lasts 1 to 4 years, then the
population disappears until the next outbreak period. Defoliation,
primarily on Douglas-fir, Pseudotsuga menziesii (Mirb.) Franco, in
British Columbia, is at the northern limit of outdreaks for this
insect which extends south through western United States into Arizona
and New Mexico (Shepherd et al. in press). The spatial relationships
between these outbreak and various environmental jpatterns can now be
studied relatively easily because of recent developments in geographic
information systems. Computer mapping analysis provides rapid
quantification and integration of complex shapes from various map
overlays.

LITERATURE REVIEW

Research on the relation between Lymantrid pests and climatic and
habitat types has been carried out using many appiroaches, all
different from those used in this paper for the tussock moth. In
California, outbreaks of Douglas-fir tussock moth on white fir
occurred more frequently in open stands on poor sites or ridge tops
(Williams et al. 1979). Similar outbreak patterns of tussock moth
occurred in the grand fir host type of Idaho (Stoszek et al. 1981)
where, again, defoliation was greater on ridgetop sites with shallow
soils. Stoszek theorized that high densities of hiomass on poorer
sites created a stress in the trees to which populations responded.
Clendenen (1975) found some significant correlations between various
climatic factors and population changes but did not establish any
cause-effect relationships to expiain the correlations.

The nun moth, Lymantria moracha L., is one of the worst
defoliators of European forests. The longest period of time studied
was that of Cramer (1962) for the Schwetzingen forest of West Germany
beginning in 1844, comparing 3-year averages of temperature and
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rainfall during critical insect activity periods. Outbreaks usually
occurred when mean monthly temperatures during May and June for the
preceding 3 years were above 32.6°C and total May precipitation during
the same years averaged less than 8 mm. Only 22 years had these
characteristics. Eight were build-up years and 11 were outbreak years
leaving only three cases when an outbreak did not follow.

In a study of climate during a 20-year period of nun moth
population build up within Moravia, Czechoslovakia, Svestka (1971,
1973, 1982) found that warm dry weather for 2 to 3 years during the
insects active periods preceded outbreaks. Once underway, 1 year of
cool wet weather was not enough to deter the outbreak. Populations
were differentially affected because of differences in temperature and
precipitation at different elevations. Many of the outbreaks were in
Norway spruce, Picea abies (L.), stands of uniform age on dry
southerly exposed soils. In Denmark, Bejer (1985) and Jensen (1985)
also found outbreaks on spruce following a period of warm dry summers;
the outbreaks only occurred in forests growing on dry sandy soils.
Soil type was more important than the species of conifer present.
Similar patterns occurred in the Netherlands with outbreaks starting
on poor sandy soils after one or two hot summers (Grijpma et al.
1986). The collapse of the population in the Netherlands was
attributed, in part, to asynchrony between nun moth larval emergence
and bud burst of host trees (Steijlen et al. 1987). Svestka (1971)
also stressed the importance of the bud burst/larval emergence
synchrony.

Analysis of weather patterns in eight different areas of Russia
(Benkevich 1964) and in Romania (Marcu 1970) led to the conclusion
that gypsy moth, Lymantria dispar L., outbreaks occurred following
cold winters and warm dry springs. A study of 35 years of records for
New York city indicated a correlation between warm summer temperatures
and upward population trends (Watt 1968). Heavy precipitation
adversely affected infestations in Wisconsin (Braham and Witter
1978). 1In contrast, population fluctuations still occurred in Spain
and Morocco even though the weather was favourable all the time
(Romanyk 1973, Fraval 1986). Predictive equations from a climatic
study of New England populations, when applied in Wisconsin, showed
significant divergence between the projected and recorded patterns
(Biging et al. 1980). A number of authors have emphasized that this
insect is rather adaptable (Kyryeyeva 1973) and each population
responds differently to a local climatic pattern (Kolybin et al. 1974)
thus making correlation analysis among many populations difficult.

Site characteristics of outbreak and non-outbreak areas of gypsy
moth were extensively studied in New England by Houston and Valentine
and were previously reviewed (Houston 1981). In brief, susceptible
sites are characterized by the following conditions: hot dry climates;
excessively drained soils; open ridge tops or other exposed
physiography; and open, scattered stands caused by logging, fires,
storm drainage, etc., which allow for increased stand temperatures.

In such conditions height growth is poor and crowns sparse and open.
In contrast, resistant stands occur on good, moist sites with vigorous
well-stocked stands of many species. The species of host trees in the
stand are of less importance than the ecological conditions. Stand
disturbances, which open up the crown, increase temperatures and
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provide more protected resting niches thus providing a more favourable
environment for the insect (Bess et al. 1947). A similar observation
has been made in the Quercus cerris coppice stands of Czechoslovakia
which have been thinned and damaged by grazing (Patocka and Capek
1971). Opening of the stands has also been found important at low
population levels within the USSR; Golubev and Semevsky (1969) found
44 times as many egg masses along forest borders and in disturbed
forests than in deep untouched forests.

A geographic information system was used for the analysis in this
paper; similar systems have been widely used in urban planning,
landscape ecology, resource inventories and forest management, but
seldom in forest pest management. The impacts of control actions
against mountain pine beetle infestations on forest resources were
studied by Forrester and Vanderwall (1987) and risks of gypsy moth
infestation were assessed by Parks et al. (1987) using a geographic
information system. In neither case, however, were cause-effect
relations established as we have attempted in this study.

METHODS

Douglas-fir tussock moth defoliation in British Columbia has been
mapped by the Forest Insect and Disease Survey of the Canadian
Forestry Service for eight outbreak periods beginning in 1916
(Shepherd in press, Harris et al. 1985) (Fig. 1). Data for six of
these periods fell within our study area: 1924-32, 1932-41, 1942-50,
1960-68, 1969-77 and 1978-1986. Yearly defoliation patterns within
each period were amalgamated into one pattern per period. Before
1950, mapping was carried out from the ground; after that date, it was
done from aircraft and consisted of sketching defoliated areas on
topographic maps usually at a scale of 1:100,000. The purpose was to
give an estimate of size, locaticn and annual changes of defoliated
areas; forest stand cover maps were not used in the initial sketching.

Biogeoclimatic and climatic maps supplied by the British Columbia
Ministries of Forests and Lands and Environment and Parks have been
drawn on the same topographic base maps as those used for outbreak
sketching. Environmental maps were available for only part of the
total outbreak area but this covered 60 or 70% of the outbreaks and
amounted to almost 1 million ha. Forest cover maps, used at a scale
of 1:50,000, indicated the percertage of dominant species in 20 or 30%
classes by stand volume. The climatic moisture deficit/surplus maps
displayed the isolines of the average difference between the total
precipitation and total potential evapotranspiration during the
growing period of May 1 to September 30. The growing degree-day maps
displayed isolines of the average accumulated difference between the
mean daily temperature and 5°C (positive values only) over the same
growing season.

Accuracy of mapping outbreaks from a fixed-wing aircraft depends
on the experience of the mapper, defoliation intensity, visibility and
flying conditions. Accuracy of biogeoclimatic and climatic maps
depends on the intensity of the basic studies to establish the
elevation-related relationships znd the experience of the cartographer,



385

Shuswap
W "/—j; Lake

Figure 1. Amalgamation of Douglas-fir tussock moth outbreaks since
1916 in British Columbia. Numbers indicate pheromone trap monitoring
locations as part of a pest management system for this pest.

as considerable interpretation and interpolation is required.
Therefore, we took a conservative approach and estimated that any
particular feature was mapped within an accuracy of 1 km? or 100

ha; when calculating statistical tests, sample size was based on the
number of 100-ha units within a climatic zone or biogeoclimatic
subzone.

Defoliation boundaries for each period, and isolines for
biogeoclimatic subzones, climatic moisture deficit zones and growing
degree zones were digitized and analyzed using a geographical
information system employing overlay software developed by Northwest
Digital Research of Vancouver, British Columbia. The system operates
on a Hewlett-packard 237 workstation!. This allowed calculation

1 Mention of specific commercial products, services or
formulations does not consitute endorsement or lack of such by the
Canadian Forestry Service.
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of areas within any designated zone and also areas of overlap and
non-overlap between superimposed zones from 2 or more maps. The
proportion of ecological or climatic zones which had sustained
outbreaks were thus determined. During the analysis, more than 600
overlays, intersections, unions or subtractions of map polygons were
made and areas of the unique polygons were determined to the nearest
hectare. The percentage of the area defoliated was determined
individually for each zone based on the total area available in that
zone and histograms were prepared. No defoliation estimate was made
unless there was at least 100 ha present per zone. A subsample of
586,913 ha was analyzed for cross comparisons and percentage
defoliated was calculated based on the area falling within each cell.
Circle diagrams of relative percentage were prepared by assigning a
value of 100 to the cell with the highest percentage defoliated and
values for other cells were calculated relative to the maximum.

RESULTS & DISCUSSIOH

A preliminary subsample of 23,466 ha was selected to test the
usefulness of including forest composition information in the study.
The area selected had the most detailed and recent defoliation
information and was expected to result in the best correspondence
between forest composition and percentage defoliated. A broad
approach was initially tzken (Table 1) but no consistent relationships
could be determined from this analysis. A second, more detailed
approach, was attempted in which the percentage of Douglas-fir
present, in 20 or 30% classes, was compared to the percentage of area
defoliated (Table 2). Again no differences were =vident except where
Douglas-fir was less than 20% or where lodgepole pine was dominant.
The latter class only occurred at higher elevations above stands
normally defoliated by tussock moth. The results of this initial
analysis illustrated the problems which arose when two surveys were
compared which had been mapped at different resolutions. The forest
cover maps were made from aerial photographs and =ach small stand is
detailed. In contrast, the defoliation maps only indicated blocks of
forest within which there was some defoliation; defoliation history of
each stand was not identified. As no consistent relationships could
be found between defoliated area and forest composition, as depicted
by the scale of maps available, this variable was deleted from further
analysis.

Each outbreak period was initially recorded separately. It was
thought that multiple outbreaks might be a better indicator of
susceptibility than single outbreaks. When compared to a random
distribution of expected frequency of outbreaks (Table 3), there was a
significant difference. There were more stands with two outbreaks and
fewer with only one outbreak than would be expect=d due to random
chance; this indicated that some stands were more susceptible than
others. However, the distribution between biogeoclimatic subzones and
climatic zones were essentially the same for both one and two
periods. As an example, the distribution between growing degree zones
is given in Figure 2. Therefore, subsequent analysis was carried out
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Table 1. Percentage of area defoliated and non-defoliated in stands
in which the presence or absence of Douglas-fir was
indicated on forest cover maps within Douglas-fir and
Ponderosa pine Biogeoclimatic Zones

Douglas-fir >20% Douglas-fir <20%
Biogeoclimatic zone Non Non

Defoliated defoliated Defoliated defoliated

Interior Douglas-fir 16 44 8 32
Ponderosa Pine Bunch 10 12 17 61
Grass

Table 2. Percentage of area defoliated within stands of different

composition
Stand Composition Area Defoliated Defoliated

ha ha %

D.-fir! >80% 5099 1149 23

D.-fir 50-80%, P. pine 20-50% 1602 456 28

P. pine >50-80%, D. fir 20-50% 2034 484 24

L. pine 50-80%, D. fir 20-50% 670 1 (]

D.-fir <20% 14227 1811 13
23632

1 p.-fir = Douglas-fir, P. pine = Ponderosa pine, L. pine =
lodgepole pine.

Table 3. Comparison of the frequency of outbreaks of the Douglas-fir
tussock moth

Number of periods in Expected frequency Observed number
which outbreaks occurred by random chance. which occurred.
within each 100-ha unit # of 100-ha units # of 100-ha units

(V] 4332 4345

b 457 432

2 24 36

3 9 11

X2 = 7.81, p, = .027
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using one overlay amalgamated from all outbreaks as this provided a
much bigger sample base. Any stand that had been defoliated in one or
more periods was considered to have sustained an outbreak. Of the
total defoliated area, 90% had been defoliated once, B% defoliated
twice, and 2% defoliated three times. Even though multiple outbreaks
had been recorded in a region with the same place name, exact
geographical overlaps were not common.

- 2 PERIODS WITH OUTBREAKS

D | PERIOD WITH OUTBREAKS

40|—

% OF ZONE DEFOLIATED
n
o
T

L1 —i (M S 1

2700 2300 1900 1500 1100 700 300
GROWING DEGREE DAY ZONES

Figure 2. Percentage of stands defoliated within zones of accumulated
degree-days above 5°C during the growing season. Stands defoliated in
one and two separate outbreak periods are illustrated.

The biogeoclimatic subzones had been subdivided on the maps
into variants and subvariants. These were initially kept separate,
but the reduction in data for any one subdivision was too great to
retain confidence in the sample. Therefore, the data was accumulated
to the subzone level. An example of an overlay of outbreaks for one
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biogeoclimatic map is presented in Figure 3.

The percent area of each biogeoclimatic subzone defoliated
during at least 1 outbreak period is given in Table 4. The order of
listing in this table follows a progression from the cool moist
forests of the Engelmann Spruce Subalpine Fir subzone (ESSF) down to
the hottest and driest Ponderosa Pine Bunch Grass subzone (PPBG) at
valley bottom. The PPBGa subzone is essentially a grassland with
small clumps of Ponderosa pine mixed with lesser amounts of
Douglas-fir. Of the total area, 4.8% had been defoliated, but because
Douglas-fir makes up so little of the area, a much larger proportion
of the Douglas-fir present was probably defoliated (Table 4).

Table 4. Percentage of area defoliated within biogeoclimatic subzones

Biogeoclimatic % Number of
subzone Defoliated 100 ha units

Cool and Moist Subalpine

ESSFe to p 0a2 458
ESSFq .24 222
MSp 0d 450
MS¢ .24 1244
ICH 04d 184
IDFy, .9d 2081
IDFq4 .54 432
IDF; 1.6 d 325
IDF, 8.6 b 1824
IDF, 12.7 b 144
PPBGy4 20.3 a 974
PPBG, 4.8 ¢ 902

Hot and Dry Valley Bottom

lvalues with the same letter are not significantly different,
p<.0S.

The largest percentage defoliated occurred in the next subzone,
PPBGd. This subzone consists of more forest than grassland but,
Douglas-fir is still not the dominant species. A defoliated area of
20.3% means that a high proportion of Douglas-fir had again suffered
defoliation. The difference in percentage defoliated between PPBGa
and PPBGd may reflect the amount of Douglas-fir present; the
susceptibility to defoliation may be equally high in both subzones.

At elevations above the ponderosa pine forest are many Interior
Douglas-fir subzones. They make up the largest block of forest within
these valleys, but it is only the lowest stands which have had
significant area defoliated (IDFa and IDFc). Above those stands, only
an insignificant amount of defoliation has occurred and some of these
records probably reflect earlier mapping inaccuracies. The standard
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error of proportion is indicated by a vertical bracket on the
histogram of percentage of area defoliated within biogeoclimatic
subzones (Fig. 4).
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Figure 4. Histogram of percent area defoliated within biogeoclimatic
subzones. Brackets indicate standard errors of proportion.

The percentage defoliated for each climatic moisture deficit zone
is illustrated in Figure S. About 1% of the area in the driest zone
(-500 to -400 mm) was defoliated. This zone covers about the same
area as PPBGa and probably also had a low percentage defoliated
because of the lack of Douglas-fir. The highest amount defoliated
occurred in the next zone (-400 to -300 mm); the percentage gradually
decreased with succeeding zones. There was almost no defoliation in
zones with a positive water balance.

The percentage defoliated for each zone of growing degree days is
illustrated in Figure 6. The distribution of percentage defoliated
among zones was nearly symmetrical with the peak being in the 1700 to
1900 D® zone. The histograms of Figures S to 7 were based on an
identical land base and therefore covered the same range of
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Figure 5. Histogram of percent area defoliated within climatic
moisture deficit zones. Brackets indicate standard errors of
proportion.

environmental conditions. Choices of class sizes by the different
cartographers made direct comparison of these histograms difficult and
statistical tests invalid.

Cross comparisons of the relative percentage defoliated by two
ecological or climatic classifications are illustrated by circle
diagrams in Figures 7 to 9. These showed that the PPBGd and IDFa
zones had the greatest amount defoliated and, within those zones, the
percentage increased with increasing climatic moisture deficits to
-300 to ~400 mm. In contrast, when the PPBGa zone was divided into
growing degree-day zones, the maximum defoliated was not in the
hottest zone but in the moderate 1500 to 1700 and 1700 to 1900 D°
zones. Above 2300 or below 1100 D° outbreaks rarely occurred.
Distribution of outbreak incidence was significantly different from
the average for central cells (Figs. 8 and 9) of both the climatic
moisture deficit and growing degree-day cross classifications within
biogeoclimatic subzones (%2 test, p<.00l). This indicates that
the Douglas-fir tussock moth usually rises to outbreak levels within
moderate temperature zones, but within a moisture gradient, outbreaks
occur most frequently in the driest zone available which contains
Douglas-fir.

This study provides information of the environmental requirements
and limitations for outbreaks of this pest species in British Columbia.
It would be useful to compare these results with similar studies
carried out where this insect defoliates different host species and
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Figure 6. Histogram of percent area defoliated within zones of
accumulated degree-days during the growing season. Brackets indicate
standard errors of proportion.

where the frequency and synchrony of outbreak cycles is different
(Shepherd, in press). It also provides a hypothesis for experimental
testing of survival rates of seeded populations.

An understanding of the role of temperature and moisture in the
regulation of population trends and in the location of outbreaks
provides the basis for predictions of population changes and damage
which can be expected following climatic shifts because of atmospheric
pollution or possible greenhouse effects. Such an understanding is
also useful when making forest management decisions regarding which
tree species to plant, which spacing densities to use, the expected
need for pest control applications, and other silvicultural treatments
(Shepherd and Otvos 1986).

A practical outcome of this study is that a relatively small
climatic zone within the range of Douglas-fir has been identified as
being susceptible to outbreaks; this zone can be defined on maps and
recognized in the field through the plant communities present. This
is an important step in a pest management system now operating in
British Columbia (Shepherd and Otvos 1986) which provides for the
early detection of rising populations by monitoring with pheromone
traps within the susceptible zone. An early treatment of threatening
populations with an effective specific virus can then be applied to
prevent outbreaks from reaching damaging levels.
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SUMMARY

Six outbreaks of Douglas-fir tussock moth mapped in British
Columbia were overlayed on forest habitat and climatic maps to
determine correspondence between defoliated areas and different
ecozones. Analysis using a geographic information system indicated
that outbreaks occurred most frequently in the Ponderosa-Pine Bunch
grass a and d Subzones and the Interior Douglas-fir a and c¢ Subzones.
Within these stands, defoliation most often occurred where
temperatures were moderate (1500 to 1900 accumulated degree-days per
growing season) and where climatic moisture deficits were extreme
(-300 to -500 mm per growing season). Identification of susceptible
forest communities is useful for pheromone trap monitoring to detect
rising populations. Knowledge of climatic conditions most prone to
outbreaks is useful to understand the dynamics of the pest and to
predict where and when defoliation may occur under current or future
modified stand and climatic conditions.
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INTRODUCTION

The nun moth (Lymantria monacha L.), one of the most dangerous
forest pests, is a polyphage feeding on pine, spruce and other
coniferous trees, on deciduous trees and shrubs and on forest
ground cover plants. Its outbreaks, being a mortal threat to the
forest, are known in many countries in Europe. In Poland, in the
years 1946-75, the nun moth was controlled 25 times, thus almost
every year, on a total area of 113,000 ha. In the years 1978-84,
during the greatest outbreak in the history of forestry, the total
area where the nun moth was controlled reached more than 3 million
ha.

Many factors contributed to the expansion of the pest on a
scale now known to this time. Well developed in this species is
its migration ability, high biological potential and
reproductiveness of population. Lack of effective control in the
first years of the outbreak resulted in the insect appearing from
year to year in new locations, finally threatening stands on almost
40% of the total forest area in the country.

In the rich literature concerning mass appearances of the nun
moth, especially in stands of central Europe, there are many
descriptions of the nuclear polyhedrosis virus (Wipfelkrankheit,
tree-top disease), causing rapid epizootics and considered in the
19th and the first half of the 20th century as the main factor
limiting the pest outbreaks (Esherich & Miyajima, 1911; Komarek &
Briendl, 1924; Tyniecki, 1891).

In Poland, the nuclear polyhedrosis virus of the nun moth was
was last observed in the years 1951-52. During later mass
appearances of this pest (Fig. 1) in the years 1956-60, 1962-69 and
1970-75, no viral diseases were observed.

In the years 1970-72, Slizynski (1974), performed studies on
activation of the latent form of virus in larvae from several
outbreak centres. Use of chemical stressors, X-rays and
ultraviolet radiation did not give positive effects. For
unexplained reasons the tree-top disease stopped playing any role
during outbreaks and one did not manage to find it in the period of
30 years. In the late seventies, at a very high population density
where they never occurred beforz (reaching several dozen thousand
larvae per tree), studies were started on epizootic diseases of the
pest and on the influence of some factors on the induction of
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Baculovirus efficiens. An evaluation was also made on
possibilities of controlling the nun moth with the use of
biological insecticides containing B. efficiens and Bacillus

thuringiensis.
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Figure 1. Area of the nun moth control in
the year 1946-1984.

METHODS

Viruses and bacteria evoking epizootic diseases of the nun
moth were studied on:
- larvae hatched in laboratory and bred on culture medium
- diseased larvae sent to the laboratory from the forest
districts
- larvae dying in stands in natural conditions
Possibility of the control of the nun moth with the use of B.
efficiens and B. thuringiensis was studied on:
- larvae collected in pine stands and bred in the laboratory
on medium or placed on 5-year-old pine trees
- larvae living in natural conditions in pine stands - Pinus
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sylvestris L. or mixed pine-spruce stands; Pinus
sylvestris + Picea abies Link.

VA zgal Diseases

In the years 1981-84, in June and July, trained workers of the
forest administration noted the appearance of nuclear polyhedrosis
virus in the nun moth populations.

In chosen stands where the virosis was occurring, we collected
materials for microscopic analyses and observed in few day
intervals the development of the disease and the rate of dying of
the larvae.

The studies on the structure of polyhedra and measurement of
virions were made by Dr. J. Ziemnicka from the Institute of Plant
Protection in Poznan.

Bae terd ad Diseases

Pathogenic bacteria of the nun moth were studied in the years
1980-81. In July, materials were sent to the laboratory from
forest districts where epizootics developed in late larval instars
feeding on pine. After elimination of decaying material and
parasitized larvae, we chose several live specimens from each
sample and analyzed microscopically their hemolymph. In the case
of finding bacteria in the body cavity of diseased larvae or pupae
the bacteria were isolated from the hemolymph and identified by
their morphological, cultural and physiological features, according
to Bergey (1957) and Gibbs & Skinner (1966).

Mortality of Larvae and Induction of Latent B. efficiens
in the Laboratory

In the years 1982-84, we studied the dependence of the total
mortality of larvae and of the induction of the virus on three
factors:

- density of larvae in laboratory breeding

= duration of the mass eppearance in a given area

- population density of the pest in a stand expressed with
the number of eggs fcund on one tree up to 2 m in height;
the population density index was divided into three
classes: 200-500 eggs in a sample; 501-1000 eggs, more
than 1000 eggs.

In chosen stands with different stage of the outbreak and
intensity of appearance of the pest, workers of forest districts
searched out every year in January and February (using a uniform
method) eggs on six trees and sent the eggs to the laboratory.
From samples of eggs received from each forest district, we chose,
if it was possible, three samples: from the trees on which 200-500
eggs were found, from trees on which 501-1000 eggs were found, and
from trees on which more than 1000 eggs were found.
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To eliminate vertical transmission of the wvirus on the surface
of the chorion, the eggs were sterilized for 5 minutes in 6%
formaldehyde and then washed five times in sterils water.

Hatched larvae were bred in three densities: 5, 25 and 50
specimens per glass flask of 100 ml volume, containing 20 ml of
diet (Leonard & Doane, 1966). The percent mortality of the larvae
and the frequency of B. efficiens were determinad during the 3
weeks of breeding. To avoid transmission of th2 virus from flask
to flask, the brushes used for taking out dead larvae were
sterilized for 5-7 minutes in 3% chloramine aftzr each use. If
samples from one forest district contained similar numbers of eggs,
two samples were taken for breeding and the larvas were bred in one
density -- 50 specimens per flask.

Results were recorded taking into consideration the year of
the outbreak. They were statistically evaluated with the use of
three-factorial analysis of variance and by Tuk2y's test. The
percentage distribution of the mortality was brought to the normal
distribution through transformation y' = 2 arc sin \{y.

Control with the Use of B. efficiens

The evaluation of the virulence of B. efficiens to the larvae
was made under laboratory and field conditions. The LT50 was

calculated after the method of Litchfield and Wilcoxon (Slizynski &
Lipa, 1973). ’

In the laboratory, the larvae were bred in flasks on diet
nixed with standardized suspensions of polyhedra in order to get 5
X 104. 9 R 105. 5 % 106. and 5 x 107 PIB/ml diet.

In field conditions, the larvae developed on 5-year-old pine
trees which were sprayed (5 ml/tree) with polyhadra suspensions in
concentrations of § x 105. 5x 106. and 5 x 107 PIB/ml.

Moreover, we performed three trials of controlling larvae with
the use of B. efficiens products prepared in th2 laboratory. The
stands were sprayed by helicopters, at a volume of 100 1/ha. The
reduction of the number of larvae was calculated according to
Abbgtt's formula as modified by Schwerdtfeger (3lowacka-Pilot,
1986).

The first and second trials were perfcrmed in the years
1979-1980 in the Szczytno fores: district. 7Five and 8 9a of 40-50
vear-old pine stands were sprayed at 5 x 10° and 3 x 10
PIB/ml. The product was obtained from larvag bred on pine twigs
sprayed with suspension of polyhedra (5 x 107 PIB/ml), kindly
delivered by Dr. Edwin Donaubauer from the Federal Forest Research
Institute in Vienna.

The third trial was carried out in 1983 in the Kudypy forest
district. Mixed pine-spruce stand (4 ha, 60-year-cld) was sprayed
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with a product obtained from larvae collected in the Swidwin forest
district, where the nun moth was dying as a result of endemic B.
efficiens.

Control with the use of B. thuringiensis

In the years 1978-84 the microbial treatments were performed
in pine or mixed (pine-spruce and pine-deciduous) stands where,
because of environment protection, chemical insecticides were not
applied. The stands were sprayed from helicopters and planes with
imported and home B. thuringiensis products in doses of 0.75-2 kg
in suspension quantities of 2-100 1/ha.

RESULTS AND DISCUSSION
Vi dgy F akds Diseases

In 1981, viroses were found in 32 forest districts.
Observations of epizootics showed that the polyhedrosis was
developing in third to fifth stage larvae, feeding mainly on spruce
and larch. Numerous Sarcophagidae flying intensively among
diseased and dying caterpillars were observed. Like in the
observations made by Wellenstein (1942), warm and sunny weather
contributed considerably to the development of epizootics.

The dead larvae were filled with triangular and hexagonal
polyhedra. Bacilliform virions of 375-406 nm length and 36-48 nm
diameter were immersed in the protein of polyhedra, in bunches of
1-15 pieces. On this basis, we acknowledged Baculovirus efficiens
as the cause of viral diseases.

In 1982, viral epizootics were observed in 26 forest
districts, in 1983 in 9 forest districts. Previous observations
that the viral disease develops only in larvae feeding on spruce
and larch have been confirmed. Besides typical cases of dying
third to fifth stage larvae, dead first and second stage larvae
were found. In 1984, the last year of outbreak, no viral diseases
were observed in natural populations.

European forest literature concerning calamities of the nun
moth in the 19th and first half of the 20th centuries contains many
data giving evidence to an essential role of virus in suppression
of the pest. The epizootics developed in cases of mass appearance
of the nun moth on spruce, which was at that time the main food for
larvae. Together with the reconstruction of stands and
introduction of pine into larger and larger areas, the nun moth
attacked the new host plant, but the larvae feeding on pine did not
suffer viroses.

In the territory of Poland, the nun moth finally changed host
plant in the fifties. Outbreaks that took place in the years
1946-52 in the pine-spruce stands were ended by viral epizootics in
the northeastern part of the country. In the succeeding 30 years,
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three outbreaks developed only in pine stands, and the larvae were
free of polyhedrosis. FEowever, B. efficiens survived in the nun
moth and was observed during tae last outbreak, when the insect
occurred in immense quartities and came back to the spruce host.
At first, in the years 1978-80, we observed cases when among pine
trees with completely dzmaged needles, green intact spruce trees
remained as "unsuitable" food for the pest. After that, in the
years 1981-82, the nun moth partly damaged spruce in the northern
part of Poland and in the same time viral epizootics commonly
developed in spruce stards and on spruce undergrowth in pine
stands.

Results suggest that B. efficiens is present in the latent
form in the nun moth populatioas, but unknown components of pine
needles protect the larvae against the induction of the virus into
acute form. On other host plaats (spruce, larch) latent B.
efficiens becomes active in the larvae and, by horizontal
transmissions, leads to the development of epizootics. When pine
twigs were cut from a tree and kept for several days in water their
needles lost the value as an inhibitor of virus induction. B.
efficiens expresses itself in larvae bred on such twigs and acts
similarly as on spruce.

It is difficult to say which group of components of pine
needles is the factor inhibiting the induction of the virus. One
of the differences between the pine needles and those of spruce is
the quantitative content of volatile oils. Pine needles contain
about 7 times more of them than spruce needles. To explain the
inhibition of B. efficiens in larvae living on pine trees, special
biochemical and physiological studies are required.

Bagterial Diseases

In the years 1980-81, we analysed 196 samples of diseased
insects from heavy damaged p:zne stands. In June and July, in 51
forest districts, great quantities of diseased anc dead larvae were
present on the ground around the stems. Also, some larvae dying in
the crown were observed. After the first evaluation of the
material, 36 samples were rejected because they contained larvae
and pupae attacked by Tachinidae or were in th2 state of decaying.
In the other 160 samples mobile bacterial cells were observed in
the hemolymph of examined insects. After identification, they
appeared to belong to Enterobacter cloacae, E. aerogenes, Proteus
vulgaris and Pseudomorias fluorescens.

Mentioned bacteria are the group of potential pathogens living
in the environment and in the alimentary canal of insects (Bucher,
1960). In the case of excessive density of insects their defensive
mechanisms can be weakened@ and the intestinal saprophytic bacteria
becomes virulent. In most cases the food defici=ncy is the
stressor that weakens the insects, although the death of the larvae
was also observed in stands, where the crowns kept 40-50% of the
needles, thus the insects had the possibility of feeding. Maybe,
in partly damaged trees, the foliage changed the tiochemical
features unfavourably for the nun moth and that was the reason of
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the reduction of resistance of caterpillars to intestinal
microflora.

Bacterial epizootics observed in the years 1980-81 in several
dozen forest districts had a small range, they occurred in patches
of several hectares in pine stands. In 1982, when the efficacy of
chemical control was in general high and in stands surrounding
waters, B. thuringiensis products were applied; bacterioses were
only sporadically observed. The practical importance of bacterial
diseases was not great. One can consider them as an interesting
example of the mechanism of restoration of balance in the forest
environment. In case of food limitation, when number of insects
excessively increased, they lcse their resistance and die as a
consequence of increased virulence of their own bacterial flora.

Diseases o It
Unexplained Etiology

When larvae dying in natural conditions were observed, the
occurrence of a disease was manifested by the lack of appetite,
cessation of feeding, and drying up of the body. Analyses of
internal organs did not reveal the presence of microorganisms
distinguishable under the light microscope, but they showed changes
in the alimentary canal and the presence of numerous brown melanin
granulations in the cells of the mid-gut. When healthy larvae were
infected with water filtrates of "drying up" individuals,
experiments did not give positive results, which would suggest the
non-infectious character of the disease.

The "drying-up” connected with the presence of melanin
granulations in the mid-gut was also frequently observed in
populations of larvae bred on diet in laboratory (Table 1). The
analysis of variance (Table 2) and the Tukey's test showed a
significant relation between that mortality and:

- the increase of density in breeding (Fig. 2)
- the duration of the mass appearance (Fig. 3)

In the literature, there are only mentions on the high
mortality of insects caused by other factors than microorganisms.
Campbell and Podgwaite (1971) published results of investigations
on the complex of diseases of the gypsy moth. They suspected an
unknown factor, physiological in nature, which was a frequent cause
of the death of young caterpillars in oak stands in Connecticut.
Physiological weakness of the larvae and decrease in number of the
nun moth during an outbreak in Austria is described by Jahn
(1968) . An unexpected breakdown of an appearance of the nun moth
in Holland in 1986 also was not connected with the occurrence of
infectious diseases (Steijlen et al., 1987).

Most studies concerning diseases of insects deal with
infections caused by microorganisms. These infections are easier
to detect than disturbances in the functioning of organs. One
estimates that about 30% of insects examined in laboratories of
insect pathology die as a consz=quence of diseases not connected
with the microorganism (Steinhaus, 1963). Because of insufficient
knowledge of the physiology and biochemistry of insects which are



Table 1. Mortality of the nun moth and frequency of B. efficiens in the years
1982-84 (put together according Lo years ol the outbreak)

Year of
the Larvae Eggs in sample < 500 Eggs in sample 501-1000 Eggs in sample > 1000
outbreak Number of larvae bred in one flask
5 25 50 5 25 50 9 25 50
i ‘l'otal 150 125 425 175 175 350 50 50 150
% dead 2043 24.8 33.65 21.71  26.28 26.85 18.0 22.0 24.66
% B. effciens - - 0.47 1.14 0.6 0.28 210 - 2.66
II Total 300 300 2300 200 200 1850 250 250 2700
% dead 20.0 22.66 25.56 27.0 22.5 34.0 2y 2 25.6 31.18
% B. efficiens 1,933 0.66 0.86 1.0 0.5 0.54 3.2 2.4 2.96
III Total 400 400 4900 200 200 2150 600 600 3400
% dead 19.75 24,5 40.08 29.5 35.0 41.53 26.66 23.5 45,14
% B. efficicns 0.5 0.25 0.47 0.5 - 0.51 1.83 0.83 2.85
Iy Total 450 450 3050 50 50 750 200 200 800
% dead 32.44 38.44 51.8 24.0 36.0 44.13 36.5 42.5 48.0
% B. efficiens 0.22 - 0.36 - - 0.4 2.5 1.5 3.12
\' Total 50 50 475 50 50 200 25 25 50
% dead 56.0 42.0 55.79 42.0 60.0 63.0 48.0 64.0 62.0
% B. efficiens - - - - - - b.o - 2.0

80%
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Analysis of variance of total mortality of the

nun moth in laboratory in the years 1982-84.

Source of Degrees of Mean 2 theor.
variation freedom square significance
a - density 2 574.9998 21.325xx
b - number of 2 17.2377 0.639
eggs
c - year of mass 4 1400.3549 51.935xx
appearance
Error 36 26.9638 -
Total 44 176.2857 -
xx = significance level a = 0.01
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Fig. 2. Total mortality of
the nun moth in dependence
on density.
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Fig. 3. Total mortality of the nun
moth in dependence on the year of
outbreak.
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necessary for the determinatior. of the kincs of' disturbances in
normzl metabolic processes, the non-infectious dis=ases are little
known and studies on them are reluctantly undertakan.

Induction of Latent B. efficiers in the Latoratory

In 1982, we bred in flasks with diet 15,000 larvae originating
from 152 samples of eggs collected in 50 fcrest. districts. During
3 weeks of breeding, 4,753 (31.47%) of the larvae died. B.
efficiens was observed in 260 cases; i.e., in 1.72%. In 1983,
13.325 larvae from 136 samples of eggs sent from 49 forest
districts were bred. During 3 weeks, 5.944 (43.62%) larvae died;
B. efficiens was observed in 1C3 (0.75%) cases. In 1984, the mass
appearance of larvae was ending and from seven forest districts
only small numbers of =ggs were obtained. We bred 1,100 larvae,
from which 500 (45.45%) died during 3 weeks, ard viruses were found
in 8 (0.72%) cases. Totally, from among 30,000 la-vae bred on
diet, the polyhedrosis developed in 371 larvae, @mounting to
1.24%. Taking into account that the eggs for treeding were
collected in pine stands. where the viruses dic no:t occur in the
previous generation of the insects and that the eggs were
superficially sterilized, we can consider that tke viral diseases
in the first 3 weeks of breeding were caused by the induction of
the latent form of B. efficiens.

The induction of B. efficiens proved to be significantly
dependent on:

- the number of eggs on a tree; virus was most frequently
revealed in larvae from samples containing more than
1000 eggs (Fig. 4);

- the year of duration of the mass appearance; the virus was
most frequently found in the second year (Fig. 5);

- the breeding density; the virus was least frequently found
in flasks containing 25 larvae (Table 3). Increased viral
induction was connected with higher numter of eggs in a
sample, which suggests that the surpassing of a threshold
population density causes an increase of the induction of
latent B. efficiens in nature.

It is a characteristic fact that the highest freguency of B.
efficiens occurred in 2982, when the mean number of eggs in samples
was highest. In the later years, the induction decreased, which
could be partly connected with the fact that the material for a
breeding was collected in areas where the nun moth was controlled
with insecticides, and each year a drastic intervention into the
run of the outbreak took place.

Control with the use of E. efficiens

Zvaluated virulence of the virus for nun moth bred on diet
proved that the rate of disease development expressed in LT50
values amounted to 8-16 days depending on the concentration”of the
virus (Fig. 6). In a similar evaluation made ia field conditions
on pine trees sprayed with the same concentrations of polyhedra the
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virus proved to be weaker than on the medium and the LT values

oscillated from 12 to 31 days (Fig. 7).
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Table 3. Analysis of variance of frequency of B. efficiens
in laboratory in the years 1982-84.

Source of Degrees of Mean Ftheor.

variation freedom square significance

a - density 2 3.1566 9.110xx

b - number of 2 15.7831 U5.552xx
eggs

¢ - year of mass U 1.0509 3.033x
appearance

Error 36 0.3465

Total Ly 1.2399

xx = significance level @ = 0.01
= significance level &= 0.05
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LT_. values (8-16 days) obtained for the nun moth reared on
diet wi?g polyhedra of B. efficiens can be comparec with LT 0
(5-19 days) obtained for the gypsy moth (L. dispar) and B. 5
reprimens (Doane, 1967) as well as LT, (7.4-8.5 days) for the
satin moth (Leucoma salicis) and B. stilpnctiae (Lameris et al.,
1985). Such a comparison shows that B. efficiens is weaker than
the viruses causing similar symptoms of nuclear polyhedrosis in
other Lymantriidae.

In three aerial trials, pe-formed in the years 1979-80 and
2983 to control the nun moth with the use of B. efficiens, the
reduction of the populetion of caterpillars (after Abbots) reached
up to 50%, 29-68%, and 32% for pine and to 82% for spruce,

In spite of the high coses of polyhedra (1.5-3 x 10
PIB/ha), which were several times higher than doses used in control
trials by other authors (Tzble 4), the reduction of the number of
caterpillars was rather low.

Results obtained ty Wellenstein (1973), Eidman (1976) and
Zethner (1976) also shcw that the process of dying caused by Bl
efficiens in populations of lervae on pine is delayed or inhibited,
whereas the mortality cn spruce and larch appears earlier and
reaches higher values.

In all described cases, the larvae fed intensively and caused
visible damage in sprayed stards. No expansion of the virus in
adjacent unsprayed stands was observed.



413

Because the virulence of B. efficiens is rather low and that
the nun moth occurs now mainly on pine, which needles distinctly
inhibit the development of polyhedrosis, one must state that the
prospects of using the virus as a control product are little. B.
efficiens can, however, regulate the number of the nun moth,

inducing epizootics on spruce and larch.

Table 4. Aerial spray trials using B. efficiens to control the
nun moth.

Country Tree species Dosage Efficacy Reference
PIB/ha
12
West Picea abies 1.5 x 10 1 week: Wellenstein
Germany mortality 84% 1973
11
Sweden Pinus 6 x 10 2 weeks: Eidman 1976
sylvestris epizootic
Larix sp. on Larix
11
Denmark P. sylvestris 8 x 10 2 weeks: Zethner
Abies grandis epizootic 1976
P. abies on Abies
10
Denmark P. abies 8 x 10 4 weeks: Zethner
epizootic 1976
on Picea

Control with the use of B. thuringiensis

In the years 1982-83, B. thuringiensis was applied in pine and
mixed stands surrounding waters, recreation places and national
parks, on a total area of about 46,000 ha. The mortality of larvae
was differentiated and dependent on the insect density and on the
species composition of the stands (Fig. 8). 1In pine stands, the
efficacy of the treatments was as a rule higher than in mixed
pine-spruce stands.

Different efficacy of control on pine and spruce resulted from
varying crown coverage by the product. In the case of spruce trees
with conical, long and dense crowns, even an increased dose of
liquid up to 100 1/ha did not ensure sufficient coverage,and the
efficacy of treatments often appeared to be unsatisfactory. In
pine stands with umbrella-shaped tree crowns, good coverage was
obtained at expenditure of 50 1 liquid per ha.
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SUMMARY

During the mass appearance of Lymantria monacha L. in Poland
in the years 1978-84, studies on epizootic diseases of larvae and
on the influence of some factors on the induction of the latent
form of Baculovirus efficiens were conducted. Furthermore,
possibilities of the pest control with the use of virus and B.
thuringiensis were evaluated.

area
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40 @B pine + spruce
1 B pine + dec. trees
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Fig. 8. Mortality of the nun moth &fter
treatment with Bactospeine (1.2 kg/ha).
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BACILLUS THURINGIENSIS IN THE MANAGEMENT
OF GYPSY MOTH POPULATION ERUPTIONS

E. Alan Cameron, Department of Entomology, 106 Patterson Building,
Penn State University, University Park, PA 16802 USA

INTRODUCTION

During the past 15-20 years the federal government of the United States,
in a series of accelerated and expanded substantially-funded programs, has
concentrated many scientist-years annually on efforts to improve our ability to
manage the gypsy moth, Lymantria dispar (L). (Lepidoptera: Lymantriidae).
Among the areas of investigation which have been pursued, research has
attempted to expand the numbers of insecticides--both natural and synthetic--
which are available for use, and to improve the technology associated with
delivery of those pesticides. Success in these areas will permit us to protect our
forests from damage and our people from excessive nuisance, to protect our
environment from unnecessary insults, and to develop more effective and more
efficient pest management capabilities. Many of these efforts are addressed in
other contributions included in these Proceedings.

Two years ago in Ljubljana, Yugoslavia, | described the gypsy moth in
the New World, briefly covering its history from its introduction into Medford,
Massachusetts, in 1869 through its establishment and the expansion of its
range to encompass northeastern, mid-Atlantic, and midwestern areas of the
United States and adjacent parts of eastern Canada (Cameron, 1986). In that
paper, | suggested that the geographic area infested by the gypsy moth would
continue to expand (it has), that large-scale aerial spray programs would
continue to be controversial (they are), and that such programs would become
increasingly costly (that need not happen as quickly as | had feared only two
years ago). | also reported, based on United States Department of Agriculture
Forest Service figures, that the use of Bacillus thuringiensis (Bt) in cooperative
suppression programs had decreased as a percentage of total hectares treated,
from 79% in 1983 to only 38% in 1986. The preliminary figure for 1988 is 37%
(personal communication, P. W. Orr, U.S. Dep. Agric., Forest Service, Broomall,
PA), or essentially no change in the last two years; the total area treated in
1988, just over 300,000 hectares, was almost 30% more than in 1986. (The
insect growth regulator, Dimilin®, accounts for all but less than 1% of the
remaining forested areas treated in these programs.) Bt is clearly the
insecticide of choice in environmentally-sensitive situations, or areas such as
National Parks or Monuments which are frequently used by people. The
preference for Bt or Dimilin, or a combination of the two, for spraying large tracts
of forest land varies from state to state, and undoubtedly reflects local political
considerations as well as personal biases of those making decisions. Currently
for the majority of such spraying, Dimilin is chosen more commonly than is Bt.
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Studies conducted in 1987 and 1988, in both the United States and in
Canada (Cameron and Fusco, 1987; van Frankenhuysen et al., 1988), give
evidence that considerably smaller volumes of finished Bt spray per hectare
than are normally used can be applied while still maintaining the efficacy of this
insecticide. If spray volume can be reduced from what has been the practice in
recent years, there are rather substantial economic implications. These would
be expressed as reduced per-hectare costs of pesticide application if
applicators can be persuaded to adopt technology which is already available.

Early attempts to control the gypsy moth through the application of
insecticides relied on materials such as lead arsenate, a compound developed
specifically for use against this forest defoliator (Burgess 1930) but later widely
used against a number of agricultural pests. DDT was extsnsively used from
the mid 1940's until environmental concerns about its persistence and its effects
on non-target organisms arose in the 1960's; its registration was cancelled for
most uses in the United States in 1972 (White et al., 19€1). During the 1960's
and 1970's a number of new chemicals found their way into recommendations
for control of L. dispar, including the carbamate Sevin® (carbaryl), the
organophosphates Orthene® (acephate) and Dylox® (trichlorfon), and the
insect growth regulator Dimilin® (diflubenzuron). A few other chemicals have
been registered, but these were never widely used in pest control programs.

DEVELOPMENT OF BT FOR USE AGAINST THE GYPSY MOTH

It was not until the early 1960's that efforts began in earnest to develop Bt
for use against this major forest defoliator, even though it had been known since
1929 that this pesticide kills the gypsy moth (Dubois, 1931). But field trials were
characterized by erratic, inconsistent, and sometimes unpredictable results.
Timing seemed to be critical, both as it related to the development of the larvae
and to weather following application; if most larvae were beyond the second
larval stadium, or if rainfall occurred within a day or two after application, results
of spray programs were generally judced to be unsatisfactory. Early
formulations were not as potent as thcse currently available, and in most cases
two applications were needed if there was to be any hope at all of success.
Needless to say, the logistics of repeated treatments, compounded by economic
considerations, mitigated against enthusiastic acceptance of Bt as the pesticide
of choice. Too often treatments 'failec’--they neither reduced the numbers of
larvae adequately nor did they do it quickly enough; they did not protect foliage
from further consumption; they did not reduce subsequent egg mass numbers to
the (rather arbitrary) goal of 125 per hectare or fewer.

Early attempts to overcome the poor performance included increasing
spray volume, if not dose; this was expected to improve coverage of foliage.
Repeated applications were applied against successive cohorts of early instar
larvae. Addition of selected adjuvants was expected to improve sticking to
leaves, reduce evaporation during treatment, and extend the time during which
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the insecticide was active after application (Lewis and Connola, 1965 (in:
Dubois, 1981)). Feeding stimulants were added in later years.

New formulations, both water- and oil-based, continue to be developed
and tested by commercial manufacturers of Bt in cooperation with researchers
in universities and government laboratories, and private consultants. A new
strain of Bt, NRD-12, has recently been identified and field-tested against the
gypsy moth with promising results (Dubois et al., 1988). Genetically-
engineered Bt is receiving considerable interest in some quarters as attempts
are made to exploit biotechnological advances to improve forest pest
management capabilities. Available aerial spray technology offers improved
delivery of Bt so that its efficacy is maximized while associated costs are
minimized.

CHOICE OF BT FOR USE AGAINST THE GYPSY MOTH

For the balance of this paper, | will focus on the use of Bt in situations
where management of gypsy moth in forested situations is the primary goal.
Once a decision to treat has been made, the choice of Bt as the insecticide to be
applied in situations which are especially sensitive environmentally, or where
human exposure to pesticide applications is of particular concern, generally is
not controversial. | shall not discuss those situations further.

Does Bt have a role in the management of gypsy moth population
eruptions? Most managers responsible for protection of forests from insects
today have at least a familiarity with terms such as ‘environmental impact’,
'integrated pest management', ‘population regulation’, and 'foliage protection'.
But what these terms mean to indivicuals often varies from person to person
even among entomologists; when we expand our pool of specialists to include
foresters, environmentalists, bureaucrats, legislators, and others who may be
involved either directly or indirectly in decision-making, we have communication
problems! Let me present a few biases.

| believe that those who ultimately make the decisions which determine
which of the available tools will be used in various programs to combat the
ravages of the gypsy moth are seldom as knowledgeable of the alternatives as
they ought to be. Even if they were sufficiently knowledgeable, political and
economic constraints as well as personal preferences play far too important a
role in final decisions and choices.

A forest is a valuable resource, renewable but only over a long period of
time. There is little room for, nor tolerance of, error. Those charged with pest
control responsibilities tend to be conservative, and want to use a material in
which they have a high degree of confidence so the end result will be
'successful'. Success normally is defined within narrow limits which relate
almost solely to the insect and the alleviation of its nuisance, prevention of
losses above often artificial or unrealistically low thresholds, or reduction of



residual populations to levels which, in the context of management, may be
unnecessarily low. Under such conditions, it is easy to appreciate how there is
a tendency to choose chemical insecticides as the agent through which
protection is to be effected. After all, a large proportion of today's senior
decision-makers were in some of their most impressionatle years in school, or
in entry level positions in their profession, during a time when chemical
insecticides (specifically DDT) were widely used, considered to be very
effective, and were relatively inexpensive. Except for a few lonely voices in the
wilderness, no one then was openly talking about, investigating, or apparently
even concerned about things such as effects of pesticides on non-target
organisms, 'development of resistance, food-chain magnification of toxicants, or
poliution of aquatic systems. The simple answer was to spray, and often the
attitude was 'the more the better'. Having seen--and often been a part of--
programs which, by standards then used, were clearly successful, adopting new
methods and materials is understardably difficult.

Environmental concerns

Conditions have changed. Environmental issues now are very much a
part of the public consciousness. But understanding of these issues often
leaves much to be desired. Demands for unrealistic restrictions on pest control
programs too often result from naive hopes for or premature expectations of
developing technologies or control alternatives, and exaggerated fears--often
based on legitimate concerns--of the use of chemical insecticides. When these
run headlong into traditional attitudes of pest management decision-makers,
and too often a lack of confidence by decision-makers in new technologies,
conflict ensues. It is in precisely this available middle ground that | see a major
role for Bt in management of gypsy moth population eruptions.

There has been considerable research time and money devoted to
understanding Bt and its role in gypsy moth management over the last 25 years
or so. A standard for assessing potency of Bt formulations has been developed;
mode of action studies have been undertaken; feeding behavior of larvae has
been investigated; production of Bt is possible on a commercial scale; both oil-
based and water-based formulations continue to be tested; methods of spray
delivery to maximize efficacy and minimize costs are under investigation.

Certainly not all of the goals and expectations of the perfect insecticide
have been achieved. But it is unlikely that any single material will ever be found
that is our long-sought but elusive panacea--silver bullets and magic cures do
not exist. Therefore, we must consider a series of compromises. Once we enter
this area, there are legitimate differences of opinion over just which individual
factors are most important and which are of lesser importance.

| suggest that environmental ccncerns must be near the top of the list of
important concerns. Forests are complex ecosystems in which the dynamics of
gypsy moth populations are played out annually. Man has the ability to
introduce disruptive elements into these systems in the form of broad-spectrum
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pesticides, pollutants of aquatic systems, or toxicants with long-lasting residual
activity. At the same time, Man can employ materials which have a much
narrower activity spectrum, have minimal or no adverse effects on aquatic
systems, and which disappear either completely or as harmless breakdown
products in a relatively short time afier application. Bt stands up well to these
latter criteria.

Protection goals

Regardless of how 'safe’ a material is, it must also be expected to
achieve the goals of the protection program before it will be considered for use.
This is one area where the use of Bt is often questioned. On the other hand, the
criteria used to set program goals may be inappropriate, arbitrary, or otherwise
open to question.

There is continuing debate about just what the goal(s) of gypsy moth pest
management programs are or ought to be. Many would agree that intervention
with pesticides occurs primarily to suppress populations which otherwise might
precipitate unacceptable tree mortality as a consequence of defoliation by the
current generation of insects, and/or to abate a nuisance to people. In the
former case, this is closer to handling of a minor or major crisis than it is to pest
management; in the latter, non-biological factors, for example, political and
emotional factors, play an important role in reaching decisions.

Given suitable growing conditions--adequate moisture, for example (and
we haven't yet learned to manipulate rainfall)--following gypsy moth larval
defoliation, trees have a much better chance of survival if they do not have to
refoliate in the same year in which heavy defoliation has occurred. Situations in
which successive years of heavy defoliation are followed by refoliation the
same season increase the likelihood of tree mortality. While with any pesticide
application program we normally want to achieve all possible objectives, it
would seem that the objective of primary importance would be to maintain
enough of the original foliage on the tree that refoliation would not occur. That
is, defoliation should be held to less than 60%. (See: Impacts, Silviculture, and
the Gypsy Moth, by K. W. Gottschalx, these Proceedings, for a more detailed
discussion of defoliation and stand vulnerability.) If this argument is accepted, it
matters little whether defoliation is in fact 15% or 50%. Certainly higher levels
of defoliation will likely contribute to a smaller annual increment of volume on a
given site; depending on the stage in the rotation, this may or may not be of any
important consequence. | would submit, however, that our ability critically and
precisely to evaluate growth loss leaves much to be desired.

Normal practice in pesticide application programs targeted against the
gypsy moth is to treat many smaller blocks, rather than vast unbroken acreages
as has been done in other forest defoliator spray programs, for example, spruce
budworms in Canada. Economics dictates this strategy in part, but citizen
opposition to massive spray programs, sometimes regardless of the material
being used, colors decisions as well. Pesticide applications are almost always



restricted to situations where the insect is expected to cause at least moderate
(30-60%) defoliation in the absence of treatment, and often heavy defoliation
(>60%) is expected. Given this reality, along with the ability of first stadium
larvae of the gypsy moth to undergo airborne dispersal over considerable
distances, site protection only in the vear of pesticide application is the reality
that we must accept. Truly it matters little whether new egg masses are
deposited at a rate of 50 per hectare or 500 per hectare, or perhaps even as
many as 1000 or more per hectare. A large enough source population will exist
in the forest surrounding the area treated that, in the sticceeding year, it will be
virtually impossible to identify differences in larval population density within the
previously treated block and the area outside of it. It is quite likely that, if
populations are again heavy, the naturally-occurring nucleopolyhedrosis virus,
if it has not previously become epizootic, will appear and cause the entire
population to collapse. Tree mortality in that portion of the forest not treated the
previous year may well be higher than in the blocks thet were treated, but this
would occur regardless of which insecticide was used for treatment; those areas
not treated received no protection in any case.

Host reservoir for natural enemies

| said earlier that environmental concerns ought to be among the most
important in the selection of a pesticide for aerial application. Compared to
most of the available chemical insecticides, Bt has a much narrower non-target
organism activity spectrum even though it has broad toxicity against
Lepidoptera; it tends to act more slowly, at least in terms of dramatically
reducing numbers of larvae visible in treated areas; it often allows larger
numbers of gypsy moth larvae to complete their development with consequent
higher numbers of egg masses subsequently deposited. On the other hand,
avoiding drastic decimation of larval sopulations may aid in the buildup or
maintenance of parasite populations, or keep predators in the area since their
entire food supply isn't eliminated. If these natural enemies have any real effect
on the site dynamics of this pest (see other papers in these Proceedings for
more detailed discussions of the role of natural enemies), the use of Bt could
well have substantial advantages over the choice of an insecticide which would
virtually eliminate all hosts within treated blocks.

Timing

It has long been believed that Bt must be applied when gypsy moth
larvae are in the first or second larval stadium. In mixed oak hardwood forests
which occur throughout much of the northeastern United States, leaf expansion
on overstory trees may barely be underway at this stage of insect development.
White oak, Quercus alba L., a common species in our forests, typically flushes
its leaves relatively late. Decision-makers then get nervous that Bt will not work
because application must be delayed until adequate leaf expansion (a
minimum of 35%; 50% or more is preferable) has taken place. There is at least
one suggestion in the literature, based on a modeling 2xercise, that application
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of Bt to late instars of gypsy moth will be effective under some circumstances
(Valentine et al., 1986).

Whether it is improvement in formulations, increased numbers of BIU's
being applied per unit area, or some other reason, the first-or-second-larval-
stadium requirement at the time of application does not hold up. Since 1984,
we have been evaluating various Bt formulations (Cameron, unpublished).
Rarely have we applied sprays before we had numbers of third stadium larvae
present in the field; in one year we had approximately 60% fourth stadium
larvae, 40% third stadium larvae, and small numbers of fifth stadium larvae
present at the time of treatment. Subsequent monitoring of pesticide efficacy,
using a modification of the techniques described by Cameron et al. (1983),
allowed us to conclude that numbers of larvae observed during the post-spray
period, as well as numbers of egg masses deposited, were not statistically
separable from numbers in other Bt-treated plots where larval development was
not as advanced at the time of treatment. Reductions in numbers of egg masses
from one generation to the next ranged from almost 85% to over 96% in the
various Bt treatments. Foliage protection in the blocks with larger larvae
present at the time of treatment was intermediate between other Bt treatments
and the untreated check plots, being separable from neither, and in this one
case certainly not satisfactory. However, it should be noted that, at the time of
pesticide application, defoliation had already exceeded acceptable levels in
some of the test areas.

It has been the norm rather than the exception that numbers of third
stadium larvae were present at the time of treatment during the last five field
seasons. In spite of this, we have consistently achieved acceptable foliage
protection in treated areas, with estimated final defoliation amounting to about
15-35%. Numbers of egg masses, while higher than what one would expect
following a treatment with most chemical insecticides, have in all cases been
reduced to levels which are acceptable.

Gypsy moth population density

Another prevalent belief has been that Bt will not give adequate
protection in areas supporting ‘heavy' populations. Ideally we would prefer to
conduct our efficacy trials in forests with 2500-4000 egg masses per hectare,
i.e., in populations that are in early outbreak phase, where there is a high
probability of at ieast moderate or even heavy defoliation, and where the
chances of a virus-induced collapse are minimized. The ideal seldom is
manifested in reality, and numbers of trials have been conducted in forests with
entering egg mass populations of up to 10,000-12,000 per hectare. On
occasion compensation has had to be made during data analysis for virus-
induced mortality occurring in the untreated checks. In trials where mortality in
untreated plots was not common, satisfactory larval mortality has been obtained
in treated areas, populations have been reduced, foliage has been protected,
and reduction in numbers of subsequent egg masses has been adequate.
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Costs ot application

The costs of insecticide application are always of concern. In recent
years, the cost of Bt has steadily declined in comparison with chemical
insecticides, and it is now competitive. This is in situations that call for 7.0, 9.4,
or as much as 14.0 I/ha (96, 128, or 192 oz/ac) of finished spray to be delivered.
In 1987, both van Frankenhuyzen et al. (1988) and Cameron and Fusco (1987),
in independent tests, showed that Bt could be applied in as little as 1.75 - 2.3
I/ha (24 - 32 oz/ac) of finished spray ‘while maintaining efficacy. Preliminary
results from experiments | am concucting during 1988 suggest that the 1987
results will be confirmed. In additicn, leaf bioassays (van Frankenhuyzen et al.
1988) or direct counting of fluorescent spots from a dye added to the formulation
(Cameron and Fusco, 1987; van Frankenhuyzen et al., 1988) gave evidence
that droplets of spray were well-dis:ributed throughout the canopy of mature oak
trees, with impingement on both upper and lower leaf surfaces. It would appear
that, rather than the early emphasis on larger volumes of spray (Lewis and
Connola, 1965, (in: Dubois, 1981)), we ought now to change to nozzles, such
as those under the trade name of Micronair®, which can create very large
numbers of very fine droplets and reduce the total volume of material applied.
With continuing improvements in Bt formulations, and the ability to achieve
potencies of at least 64 BIU's per US gallon of neat material, we are in position
to exploit economies that can be real:zed in application costs. With smaller
payloads required to cover similar areas of forested lard, spray aircraft would
require fewer ferrying trips to airports or helicopter operations pads; on larger
jobs, it is likely that fewer aircraft would be required. A spray window which is
already none too wide, and which frequently narrows with typical weather not
conducive to spraying at the time when spraying must be done, could more
efficiently be exploited.

Eradication of isolated infestations

This discussion has focused on the use of Bt primarily in forested
situations where the gypsy moth is arecurrent pest. It should be noted at least
in passing that Bt was used from 1984-1986 by the state of Oregon in the
western United States in a massive eradication effort. IJp to 100,000 hectares
of {orest were to be treated three times each year. | was among those initially
who gave that program virtually no chance of success, espzcially since gypsy
mcth adults had been trapp=d over a very large area. Much to my
astonishment, that program, although costly in dollars, has to be classified as
successful by many standards. | don‘t think it is fully understood just why
success was achieved. There is nc vay to report, except through speculation,
what would have happened had either nothing been donz2 or alternative
methods been employed in the eradication effort. The fact is that locally heavy
and widely scattered sparse populations of the gypsy moth have been
drastically reduced following three successive years of multiple applications of
Bt, even though eradication has not yet been achieved.
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In 1987, the state of California, also in the western United States, used
four aerial applications of Bt in combination with narrowly targeted ground
applications of Dimilin to attempt to eradicate an established but local
infestation of the gypsy moth before the pest became established and spread to
surrounding areas. Even though egg masses were located within an area of
less than one hectare in size, 16 hectares were treated by air in an effort to kill
any larvae that might have dispersed during the first larval stadium. No adults
were trapped in pheromone traps during the summer of 1987, nor were any
new egg masses found. Eradication of gypsy moth from that spot may well have
been accomplished in a single season; monitoring will continue through 1988
and 1989 before such a claim will be made, however.

CONCLUSIONS

We have by no means reached the end of the line in improving either Bt
formulations or our ability to deliver them efficiently, effectively, and
economically. Open questions remain concerning the relative merits of oil- vs.
water-based formulations, helicopters vs. fixed-wing aircraft, flat fan vs.
Micronair vs. Beecomist® or other nozzles, volumes of spray to deliver, amounts
of toxicant to deliver, timing of applications, and other factors. But Bt has given
evidence during the last few years that it has a much wider potential role in
management of gypsy moth population eruptions in forested areas than has
generally been considered. It need r.ot be restricted to areas which are
especially sensitive either ecologically or politically. It is also cost competitive
with chemical insecticides.

Bt is unlikely completely to displace materials such as Dimilin unless
currently unrecognized adverse environmental impacts of that material are
identified, or non-biological considerations dictate pest management decisions.
Nor is Bt likely to cause reductions of populations to the same low levels that
Dimilin or other chemicals frequently achieve. But it must seriously be asked,
'Are such reductions necessary given the conditions under which pesticides are
used in contemporary gypsy moth management programs?' By the same token,
does leaving a small residual population-of gypsy moth confer a benefit in
conservation or perpetuation of natural enemy populations that would be lost if
pest populations were more drastically reduced? Perhaps those who work with
the computer models can conduct the pertinent simulations to shed light on
these questions.

Does Bt have a place in management of gypsy moth population
eruptions in forested land? Yes, | believe it does. | also believe that its role is
likely to increase at the expense of the use of chemical insecticides as both
forest managers and other decision makers are persuaded by the accumulating
evidence that Bt does, indeed 'work'. lts environmental advantages are
considerable; its relative cost is continually declining when compared to
alternatives; its reliability is improving all the time; exploitation of available
application technology is only just beginning and can be expected to increase



in the next few years. Add all these factors together, and the place of Bt looks
secure.
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INTRODUCTION

Infestations of the brown-tail moth, Euproctis chrysorrhoea (L.) (Lepidoptera:
Lymantriidae) in the United Kingdom (UK) and in many other parts of its geographical
range present an unusual pest control problem. It is principally a defoliator of woody
Rosaceae, including ornamental and fruit trees and is, therefore, often a common insect
in urban and suburban areas. The larvae have highly irritant hairs to which human
allergenic reactions can be strong (Blair, 1979). Symptoms vary from mild urticaria to
temporary blindness and, amongst those disposed to respiratory problems, to asthma
and even death. E. chrysorrhoea is, therefore, a plant pest and a public health problem.

Throughout its range, Europe (including south-east England), North Africa and, by
accidental introduction, some eastern parts of the U.S.A,, it is univoltine. Eggs are laid
in the summer. The larvae live and feed gregariously through the autumn and
overwinter as second or third instars inside silken nests. In the spring they emerge and,
in the UK, complete their development by June. The adult female flies feebly so that
dispersal tends to be very local (Sterling, 1983).

In the UK practical pest control at present tends to be by spraying chemical
insecticides, especially synthetic pyrethroids, an activity which is unpopular in built-up
areas and unsuitable for use in nature reserves. An alternative strategy is to cut out and
destroy overwintering nests, but this is a labour intensive and, therefore, expensive
option; it is also difficult where trees are tall. Consequently, there is much interest in the
development of a cheap and strongly species-directed control method which would be
compatible with both human and conservation interests.

The main mortality factors operating in UK populations were examined by Sterling
and Speight (1988). Their analysis suggests that the most appropriate potential
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biological control agents are microbizl pathogens, one of which is a naturally occurring
baculovirus. The Baculoviridae is a family of viruses whose infections are restricted to
Arthropoda, and particularly to insects where they are often major natural population
regulatory agents. Members of two major subgroups, the nuclear polyhedrosis viruses
(NPV) and the granulosis viruses, have been used widely as sprayable pest control
agents especially against larval Lepidoptera and diprionid sawflies (Entwistle and
Evans, 1985). After extensive safety testing of over a dozea types it is widely accepted
that the baculoviruses are detrimental neither to human welfare nor the environment.

An NPV of E. chrysorrhoea (EcNPV) has been isolated from larvae in the wild in
the UK and in Yugoslavia. In the latter country infection levels were at times very high
(60%; Sidor, 1975), but in the UK they have always been observed to be low.

This paper describes the quantitative and qualitative relationships of E. chrysorrhoea
larvae with the NPV’s, preliminary trials in the use of ECNPV as a sprayable control
agent and studies on the possible development of more than one infection cycle within
single host generations and the import of this for practical suppression.

METHODS

Rearing E. chrysorrhoea. Larvae were obtained either from the field or were reared
from eggs surface sterilised to minimise the persistence of ransovum passed pathogens
in culture. Most larval rearing was on leaves of bramble (Rubus fruticosus L.) but a low
nutrient semi-synthetic diet was also fcund to adequazely support development (Kelly,
in preparation).

EcNPY production. The NPV isolate used as seed stock to produce bulk NPV for spray
trials was originally collected in the Isle of Grain, Kent, UK, in 1978. A virus
suspension of 2.5x10% polyhedral inclusion bodies (PIR)/ml was painted onto the
surface of Crataegus monogyna Jacq. leaves which were fed to fourth instar larvae. The
infected larvae were maintained at room temperature and fed further C. monogyna
leaves ad libitum. Larvae began to die of NPV infections 15 days later when they were
harvested and stored frozen pending full purification for use in bioassay and DNA work
or semi-purification prior to formulation for spraying in control trials. The virus
particles of NPV’s are bound up in small crystals of virus-coded protein which confers
considerable environmental stability (Kelly, 1985). These crystals, which are of various
polyhedral forms generally range in size from 1-5um in diameter and are commonly
known as polyhedral inclusion bodies (PIB). The PIB is easily visible with the
compound microscope and is the usual calibratory unit of NPV preparations. The PIB
content of our preparations was counted using the dry film method of Wigley (1980a).

Infectivity testing. LDsp tests on large larvae (3rd instar aad older) were conducted by
feeding measured volumes of PIB suspznsions dried on C. monogyna leaf fragments of
a size which is rapidly and totally consumed by an individual larva. For smaller larvae



the droplet feeding method of Hughes er al. (1986) was successful. This method was also
tried using fourth instar larvae, but they refused to imbibe an aqueous PIB suspension;
however, they did so readily when a leaf extract of C. monogyna was added.

EcNPV formulation. Following maceration and crude filtration of infected larvae, NPV
was prepared for spray trials by semi- purification, involving a single cycle of low speed
centrifugation to remove host body debris. The subsequent NPV concentrate was
formulated to suppress secondary replication of any contaminant microorgnisms
(formulation details are currently confidenzial).

EcNPV spray application. Immediately prior to spraying, the formulated PIB
suspension was diluted with water and mixed with an emulsifiable adjuvant oil
(Actipron; British Petroleum) in the proportion of PIB suspension:Actipron of 4:1. This
fluid was sprayed using a hand held, fan assisted, spinning disc ULV sprayer, the Turbair
Fox (Pan Britannica Industries), producing a fixed flow rate of 1.3ml/second. This
machine produces droplets with a volume median diameter in the size range 70 to
100pm.

Assessment of NPV infection. Larvae from spray samples were individually smeared on
microscope slides and the smears stained by the simple Giemsa method of Wigley
(1980b). PIB’s could easily be detected under oil immersion at xX900 magnification.

Spray trials: (i) post-hibernation trial. This was conducted on third instar larvae
emerging from overwintering nests previously stored at 4°C. Potted C. monogyna plants
(two/pot), circa Im tall, were infested with 250 larvae per pot. A sample of these larvae
was individually weighed and allocated to instar. Five trees were apportioned to each
treatment and the spraying conducted inside a large draught free building, the Turbair
Fox being held 2m from the line of trees and moved along the line at approximately
1.3m/sec. Five dosages were used ranging from 2x107 1o 2x109PIB/m of spray lane.
After spraying the trees were placed in a greenhouse; due to high levels of defoliation by
6 days post spray the larvae were then transferred to large plastic boxes, kept at room
temperature and fed fresh foliage ad libitum. Ten days post spraying samples of 50 larvae
were taken and and placed in smaller boxes. These were checked daily until 27 days post
spraying and any dead larvae removed and diagnosed for NPV infection. Further details
of this experiment can be found in Kelly e al. (1988).

Spray trials: (ii) pre-hibernation trial. A field trial of the virus was conducted in an
area of infested R. fruticosa at Portsmouth. Twenty four 3m sections, each separated by a
buffer zone of at least 3.5m, were marked out in a hedgerow 200m long. Existing nests
were redistributed to produce 12 nests per plot. Because of variation in bush size, a
stratified random allocation of treatments was employed in which each treatment group
of three had one ’small’, one *medium’ and one ’large’ bush replicate. A series of five
doses from 2x10’ to 1x109PIB/m was applied plus a further treatment of lxlOSPIB/m
applied with the others on 18:9:87 and again one week later. Two control treatments were
included, one unsprayed and one sprayed with the 20% Actipron carrier fluid. No dead



larvae were found on foliage during visits to the site shortly after spraying. Samples of
larvae were collected on 23:10:87 (at the onset of diapause) by removing three nests
from each plot and dissecting them open to reveal both dead and live larvae. Samples
of both were smeared and diagnosed for :he presence of NPV.

EcNPYV infection cycling and disease dispersal. In two field experiments, one in the
autumn and one in the spring, live laboratory infected larvae were introduced into
natural larval populations (Sterling ez al., 1988). Introduction sites were large discrete
R. fruticosa bushes where larval densities had been estimated from nest counting and
sizing, employing a linear relationship between nest volume and number of resident
larvae (Sterling, in preparation). Since data involving proportions has a binomial
distribution, it is more essential to detect small differences in response towards the
extremes of the distribution than at the centre. The proportions introduced were,
therefore, varied linearly alorg an angu.arly transformed scale (Little & Hills, 1978).
Infected larvae were thus introduced in the proportions 0.024, 0.206, 0.500, 0.794 and
0.976. Subsequently, disease incidence was measured both over time and at a series of
distances from introduction centres. The five introduction treatments were each
replicated three times (in low, medium and high natural infestations) in both the spring
and autumn experiments.

RESULTS

Quantitative host-EcNPV relationships. The LDsp was measured in four larval
instars (Table 1). These values were plotted logarithmically against larval weight
(Figure 1) where it can be seen that for Lepidoptera the apparently linear relationship is
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Figure 1. Relationships of | og LD59 and LD50/mg with lcg initial body weight
for Euproctis chrysorrhoea and Lymantria dispar (daia for L.dispar from
Burgerjon et al., 1981).
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not abnormally steep. Dividing the LDso by larvae weight produced a linear
relationship of zero slope against larvae weight.

EcNPV and heterologous ’hosts’. Using challenging doses of 1x10? and 1x10%PIB to
individual second instar larvae, no ECNPV replication was detected in any of 66 other
species of Lepidoptera (in 11 families, including Lymantriidae) tested. Cross-infection
was also absent in the honey bee, Apis mellifera L., and two species of sawfly.

Heterologous NPV’s in E. chrysorrhoea. In addition to ECNPV, nine other NPV’s
from eight different lymantriid host species were fed to E. chrysorrhoea larvae. Four
proved to be cross-infective (see Discussion).

Spray trials: (i) post-hibernation trial. The larvae in this trial were third instars with a
mean weight of 3.2mg at the time of spraying. The development of virus-related
mortality over time is shown in Figure 2 (the top dose shown is 1x109PIB/m; the
highest dose of 2x10°PIB/m gave similar results to this dose). The two top doses
delivered distinct sigmoid responses of mortality against time, starting 11 days post
spraying and reaching circa 90% by 17 days. Deaths in other doses began later and
largely levelled off by 20 days. Apphcanon of probit analysis to the ﬁnal virus
mortality:dose rclanonshxp (up to 1x10° PIB/m) gave a spray LDsg of 1. 3x10% PIB/m
and an LDgp of 8.5x10®PIB/m.
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Figure 2. Virus mortality in E. chrysorrhoea populations on potted C. monogyna
bushes sprayed with a series of doses in the post-hibernation trial.

The large majority of the deaths were in the instar (fourth) following that
predominant at spraying, with some mortality delayed until the fifth instar, particularly
in the low dose treatments.
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Spray trials: (ii) pre-hibernation trial. The larvae in this trial were also mainly in the
third instar, with a mean weight of 2.6mg a: the time of spraying. The extensive samples
taken on 23:10:87 showed that infectior had entered nests in all treatment plots.
However, no relationship could be discerred between dose and infection levels. Bush
dimensions also had no effect.

Bush category

Treatment Small Medium Large
Control 0.0 0.0 2.0
Actipron control 1.7 0.0 0.0
2x107 PIB/m 115 36.4 8.3
1x10% PIB/m 5.0 84.1 24.2
1x108 PIB/m x2 4.8 9.4 25.0
2x108 PIB/m 15.0 25.0 475
5x10% PIB/m 40.3 16.1 419
1x10° PIB/m 29.4 55.3 46.8

Table 1. Mean percentage NPV infection in larvae in nests in the
pre-hibernation spray trial on 23:10:87.

During the winter the site suffered very heavy damage and loss of nests due to an
exceptional storm (the worst in the UK for 200 years). In addition there was severe
precation on nests, presumably by flocks of birds. Consequently, very few larvae could
be found post-hibernation. In these an appreciable level of apparently non-virus related,
idiopathic, mortality was observed, even in the controls. Howzver, in the remaining
larvae substantial levels of NPV infection were found in the spring.

EcNPYV infection cycling and disease dispersal. Rapid defoliation of bushes in the
spring led to large scale emigration of larvae. Initial densities had ranged from
332-6500 Iarvae/mz, but, at ten days post introduction of infected larvae density had
fallen to about 50 larvae/m”. No relationship was found between initial density and
subsequent levels of infection. Whilst larval infection, almost certainly laberatory
derived, was found at ten days none was detectable after this date until 52 days after
introduction when a significant second peak of infection began. However, not all
bushes developed this second peak, and Figure 3 illustrates infection levels in two plots
in which the peak was present. No relationship was found between the size of this
second peak and the proportion of infectzd larvae introduced.

In the autumn experiment differences between bushes were again extremely
variable. Although a second peak of infection was not as clearly pronounced as in the
spring experiment, its presence was sugzested by greater levels of infection being
fourd 40 days after introduction than were present at 24 days. Figure 3 illustrates two
plots which showed this response.
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At 64 days significant proportions of infected larvae were found at all distances
from the introduction centre in the spring experiment (Figure 3). However, in the
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Figure 3. Examples of bushes which showed secondary infection cycles
following primary introduction of laboratory infected larvae in the spring (1 &2)
and in the autumn (3 & 4).

autumn experiment there were few examples of disease beyond 2 metres from the
introduction.

DISCUSSION

A highly infectious NPV isolate (i.e. low LD50) is essential for good insecticidal
effect, since as susceptibility decreases the quantities of virus required to establish
control rapidly become uneconomic. To fully assess the infectivity of an NPV, and
contrast it with others, it is necessary to study its impact throughout the host larval
period. The susceptibility of lepidopterous larae to infection is known to decline
strongly with increasing weight (e.g. Entwistle & Evans, 1985). However, the degree to
which this occurs appears to vary greatly with different NPV-host species systems.
There seems to be a generally good linear relationship between log larval weight at
inoculation and log LDso/unit weight (mg). The gradient of this regression and the
LDso per se of very early instar larvae (i.e. during the ideal period when NPV spraying
would be conducted) provide two valuable parameters for contrast. In estimating the
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effect of the virus it is, however, important to take larval feeding rate, and hence the
rate at which larvae acquire virus from plant tissue, into account; larger species may
well feed faster and thus compensate for an inately higher LDsp.

In Figure 1 the responses of ECNPV and Lymantria dispar (L.) NPV (LANPV; the
use of this virus is very well documented) are contrasted in terms of the mutual
relationships of log LDso and log LDso/mg to log body weight. It is evident that,
although the LDsg values for the various instars of L. dispar are much higher than for
E. chrysorrhoea, the values of LDso/mg are most favourable for the former species
(data from Burgerjon et al., 1931, and interpreted by Briese, 1986).

EcNPV is unusual amongst NPV’s in general in that taxonomically broad tests
indicate a very high level of host specificity. None of the specizs of Lepidoptera tested
became infected.

This is not, however, a two-way phenomenon since, in testing a quite limited
number of NPV’s of other Lymantriidae, and characterising both the inoculum and the
progeny viruses by restriction endonuclease analysis Laport (1987) was able to
demonstrate true cross-infection in E. chrysorrhoea of the NPV's of Euproctis similis
(Fssl.), L. dispar and of two geographical isolates of NPV from Leucoma salicis (L.).
Some information is available on the susceptibility of E. chrysorrhoea to the Polish
isolate of Leucoma salicis NPV (LsNPV). Skatulla (1985) contrasted the susceptibility
of five European Lymantriidae to their homologous NPV’s with that to LsNPV
employing fourth instar larvae (weights not declared). Unforiunately he was not able to
report on the susceptibility of fourth instar larvae of E. chrysorrhoea to its own NPV
and no direct information on this appears to exist elsewhere. Employing weights for
UK E. chrysorrhoea instars (1,2,3, early 5 and 6) it can be seen that the relationship of
instar to log weight is close to linear, suggesting a weight range for 4th instars of
15-40mg and, therefore, (interpolating from Fig. 1) an LD50 of 1580-3980 PIB. This
last value is not strikingly different than that for LsNPV in E. chrysorrhoea, 5140 PIB,
quoted by Skatulla (1985). However, this information is tco sketchy for conclusions
about the relative worth of the two viruses for use in controlling E. chrysorrhoea.

The application of ECNPV as an insecticidal spray using the Turbair Fox machine
was an efficient method of control for the spring emergent larvae under the specific
conditions of the trial described here (notably the lack of wind). It appears unlikely that
100% primary mortality can be achieved since a dose increase from 1x10” to
2x109PIB/m resulted in no increase in mortality. Spray coverage is never likely to be
totally uniform, and a proportion of larvae must escape ingestion of a lethal dose.

A serious divergence between this trial and a field application was the reduction in
exposure to solar ultra violet (UV) radiation, to which NPV’s are very susceptible.
However, in a commercial formulation UV screening agents could be used.

In the autumn trial, carried out on slightly smaller larvae usirg the same equipment
in the open air, the results up to the onset of hibernation were very uneven.



Post-hibernation, for reasons explained above, it was not possible to continue
quantitative assessments. However, the data indicated strongly that in at least on of the
replicat plots of each treatment a high level of infection had been achieved. This was
particularly apparent in the next to lowest dose, 1x108PIB/m, suggesting that control in
the autumn could be achieved using lower doses than in the spring. It seems likely that
the wide variation in the results achieved in this trial was due largely to poor spray
coverage achieved on the leaves in some replicates, due to prevalent wind conditions
and the orientation of the leaves. Good coverage is of particular importance in the
autumn given the limited feeding area of the larvae.

Neither of these trials was able to clearly demonstrate the effects of additional
infection cycles generated by virus produced in the primary spray induced infection.
However, the introduction of pre-infected larvae to healthy populations in both the
spring and autumn showed that such cycles can be generated in E. chrysorrhoea, thus
enhancing the potential efficacy of the virus as a control agent.

It is a common observation that NPV infected larvae of Lepidoptera die of disease in
the following instar, as was the case in the spring trial described here. It thus appears
possible that, if virus was applied in the autumn, several cycles of infection might occur
following the initial response. The gregarious habit of the larvae is likely to facilitate
this process. It is well documented that NPV can persist overwinter on trees (e.g.
Doane, 1975; Evans & Entwistle, 1982) and that NPV’s may be dispersed widely by
predatory and scavenging organisms (Entwistle, 1982). Consequently, pools of
inoculum created at the death of host larvae can not only persist but can also be
dispersed. Whatever the mechanisms involved, it is clear that transmission of virus is
possible within a single generation of E. chrysorrhoea.

It is apparent from this data that ECNPV has considerable potential as a
bioinsecticide. It not only seems possible that satisfactory primary control can be
achieved, but there may well be valuable persistence giving rise to prolonged cycles of
mortality and host suppression. Environmentally it is unusually well suited for use in
nature conservancy and urban contexts, since it has an exceptional level of specificity
of action.

On the debit side, this host specificity means that ECNPV must be produced in the
homologous host, which poses severe problems for safeguarding the health of staff
working on the production system. The use of LsNPV as an alternative would facilitate
virus production, but much further work would be required to assess its relative
efficacy and environmental impact. The spray technology used to date has proved
incompatible with the need io achieve good coverage on discrete vegetation units in
urban areas and further work on alternatives, such as knapsack mistblowers, will have
to be carried out.
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SUMMARY

Larvae of the univoltine lymantriid Euproctis chrysorrhoea (L.), which overwinters
gregariously in tents in the second or third instar, have intensely urticating hairs. They
feed preferentially on woody roasaceous plants and, because of the damage inflicted
and public health problem presented, are a notable pest in urban areas. In such a
situation, and in nature reserves, chemical insecticidal control is unacceptable and a
more specific biological approach seems appropriate. A nuclear polyhedrosis virus of
E. chrysorrhoea (EcNPV), isolated in Britain, has an exceptional degree of host
specificity and, by LDsg tests, seems highly infective to host larvae. Therefore, post-
and pre-hibemation EcNPV spray application trials were conducted. The results
demonstrated a strong primary mortality response to the virus. The nature of these
trials precluded demonstration of the possibility of secondary infection cycles
developing in surviving larvae of the sprayed generation. This question was separately
investigated. Introduction of pre-infected larvae into the autumn and spring stages of a
single generation resulted in secondary irfection cycles. Collectively the data acquired
will be employed to conduct control trials designed to assess the comprehensive effect
of virus sprays in controlling E. chrysorraoea larval infestations. ECNPV is potentially
the most acceptable and practicable means of controlling this pest, especially in
environmentally sensitive areas.
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INTRODUCT ION

Nucleopolyhedrosls viruses (NPV) are frequently
assoclated with the collapse of high density populations
of many of the lymantrilds Including the gypsy moth
(Lymantrla dispar L.) (Bess, 1961; Doane, 1970; Woods and
Elklnton, 1987), the nun moth (L. monacha) (Komarek and
Brelndl, 1924), the Douglas-fir tussock moth (Orgyla
pseudotsugata) (Torgerson and Dahlsten, 1978), and the
red-bel lled tussock moth (L. fumlda) (Kataglrl, 1977
clted In Evans and Harrap, 1982). Lethal Infectlions
result In destruction of most Internal tissues and larvae
kKllled by NPV have a characterlistlcally flacclid
appearance. The cuticle Is fraglle and ruptures easlly,
releasing the llqulfled remains of the destroyed tlissues
and massive numbers of virus particles occluded within
crystalilne protein structures (occlusion bodlies, or
OBs). These OBs are resistant to environmental
degradation and can persist outside of the host for
several years |f protected from sunllight. Larvae become
Infected primarlly through Ingestion of the occluded
virus, which Is digested In the alkallne gut, thereby
releasing virlons which enter the host tissues via the
mldgut.

The gypsy moth, the Douglas-fir tussock moth and
other Ilymantrlids are of economic and esthetlc Importance
In North America, Europe and Asla. Because the NPVs
appear to play a significant role In the dynamics of
thelr host populations, Information concerning the
eplzootlology of NPV diseases |Is potentlally very
valuable In management and research of these pests.
Unfortunately there are stlll many gaps In our
understanding of the causes and patterns of expression of
these diseases. Although viruses have been formulated
and applled as control agents for several of these
Insects, the results have often been disappointing
(Yendol et al., 1977; Lewls and Yendol, 1981; Podgwalte,
1985). Therefore, It Is clear that we need a better
plcture of the processes by which naturaltly-occurring
NPVs act In order to successfully utlilze viruses as
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control agents. Knowledge of the factors that affect
expression and transmission of the disease might be used
to Improve efflicacy of augmentative NPV releases through
genetic selection of more effective strains, or through
genetic engineering to produce new, more virulent
strains. Management of pest populatiors bty manipulation
of the habitat to enhance effectiveness of naturally-
occurrling NPV may be another approach.

This review Includes what |Is presently known
concerning the eplzootlology of NPV of lymantrllds with
emphasis on the gypsy moth. This Includes Important
factors Influencing host susceptlblllty and disease
transmission as well as varlious environmental factors
which affect both the pathogen and Its host.

FACTORS AFFECTING PATHOGENICITY AND PERSISTENCE OF NPV

Genetic Variablllty

Different strains cf NPV differ In their
pathogenlclty. When Isolates from Europe, North America,
and Asla were tested against a laboratory strain of gypsy
moth, the LDgps ranged from 1.7x103 to 5x10% oB/mI

(Shapiro et al., 1984). The results of several studiles
In which potenclies of viruses from var ous sources were
compared were reviewed ty Lewis et al. (1981).

Persistence and Plant/Patnhogen Interactions

The occlusion body In which NPVs are embedded
affords a great deal of protection to the virlons which
allows the virus to maintain viablllty for several years
In certain hablitats (David and Gardlner, 1967; Thompson
et al., 1981). Soll Is wsll known as an Important
reservoir for many lInsect viruses (Jaques, 1970). Soll
pH can significantly affect persistence of viruses
(Thomas et al., 1973). Podgwalte et al. (1979) found
high concentrations of gypsy moth NPV persisting In soll,
lltter, and on bark for at least one year following
eplzootics. Newly-hatched larvae can become Infected
upon contacting bark, pupal exuvliae, and soll collected
from a forested site following an eplzootlc (Doane, 1975;
Weseloh and Andreadis, 1986; Woods et al., In press).

Persistence of virus on plant follage Is |Imlted,
primarlly due to Iinactivation by ultraviolet radiation of
sunllght (David, 1969; Smirnoff, 1972). Yirus survival
may also be affected by physical and chemical features
characteristic of the plant. NPV may persist longer on
the underside of leaves (Stacey et al., 1977) or In
stomates (Reed, 1871). Leaf exudates can also affect the
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survival of viruses (McLeod et al., 1977; Young et al.,
1974) as has been demonstrated on cotton. Virus survives
longer on some plant specles than on others (Young and
Yearlan, 1974), due to structural or chemical
differences, but also because of differences In growth
characterlistics or phenology. For Instance, persistence
of NPV on the declduous follage of the gypsy moth’'s
preferred host Is |Imlted to one season, slnce oak leaves
are dropped each autumn.

Plant/pathogen Interactlions may affect the Impact
that a viral pathogen has on Its Insect host. The work
of Rossliter (1987) and Keatlng and Yendol (1987) suggest
that NPV pathogeniclty may be different for gypsy moth
larvae feedlng on oaks compared wlth larvae feeding on
other tree specles. However, studles wlth Douglas-flir
tussock moth NPV Indlicate that the pathogen Is equally
effectlve on Douglas-flr, grand flr, and white flr
(Thompson et al., 1978; Stelzer et al., 1977).

FACTORS INFLUENCING HOST SUSCEPTIBLITY TO NPV

Varlatlion In susceptlblllty or resistance to viral
pathogens both within and between populatlions has been
shown for several lepldopterous hosts, Including the
gypsy moth (Brlese and Podgwalte, 1985). For example,
Rolllnson and Lewls (1973, clted In Lewls, 1981) compared
the response of dlfferent gypsy moth populations to a
single NPV Isolate and found that the LCgg of the most
resistant straln was more than 100 times hligher than that
of the most susceptlible straln. That these dlfferences
represent a real shift In the level of reslistance between
the different populations Is Indicated by a comparlson of
the regression slopes (Brlese, 1987). A genetlc baslis
for the varlatlion In response to NPV challenge has been
demonstrated for Spodoptera fruglperda (Relchelderfer and
Benton, 1974) and Eplphyas postvittana (Brilese et al.,
1980) and In response to a cytoplasmic polyhedrosls virus
for the sllkworm, Bombyx morl| (Watanabe, 1987). Such
susceptliblllty can be controlled by a single autosomal
gene or by complex genetlc mechanisms (Brlese, 1987). A
gradual, but signlflicant Increase In LDgg was shown for a
laboratory gypsy moth straln exposed to NPV for 11
generatlons, suggesting that shifts In susceptibllity of
this population to NPV are also herlitable (W. D.
RollInson, unpubllished data clted In Briese and
Podgwalte, 1985). However, as Brlese (1987) polnts out,
these results are weakened by the fact that some of the
ear |y observatlions were based on single-dose comparlsons.
Viruses have evolved wlith thelr hosts, therefore, some
degree of host reslistance to these pathogens Is llkely to
have arlsen Independently among dlfferent geographlically
Isolated populations. Some of the varlablllty between




gypsy moth populations Is llkely to be genetlically based,
however, a herltable component for host susceptliblllty to
NPV has yet to be concluslvely demonstrated for thls
Insect.

Developmental factors can also Influence host
susceptliblllty to viral pathogens. In general,
reslistance Increases wlith the age of the host (Brilese,
1987). The LCgpo for second-lInstar gypsy moths tested
wlth the Hamden Standard NPV was about 2CO times lower
than the LCgg for fourth Instars (Lewls et al., 1981).
Thls age-related Increase In resistance Is largely
accounted for by the Increase in body welght In gypsy
moth, however, an addltlonal age-related factor also
appears to be Involved (Brlese, 1987). Erlese (1987)
suggests that the development of speclflc defense
mechanlsms agalnst viral Infectlon In olcer Insects could
be Involved. Other developmental factors such as growth
rate, hormonal levels, metamorphosls, dlapause, and stage
of development may also affect host susceptlbllty (Brlese
and Podgwalte, 1985; Watanabe, 1987). Sraplro and
Robertson (1987) reported that the number of OBs In
Infected gypsy moths was reduced 12-fold during the
transformatlion from larva to pupa and 118-fold durlng the
metamorphoslils from pupa to adult. Thils suggests that
metamorphoslis |Is deleterlious to virus or that adult and
pupal tlissues are less favorable for viral growth than
are larval tlssues.

The host’'s nutritional state Is also an Important
factor Influencing susceptlblllity or resistance. Levels
of sucrose, proteln, cellulose, tannins and other
chemical and physical characterlistics of the Insect’s
food plants can affect susceptiblllty to NPV. Keatling
and Yendol (1987) showed that mortallty among gypsy moth
larvae which were fed NPV on oak leaves was sligniflicantly
lower than among larvae fed NPV on aspen leaves. These
dil fferences were shown to be related to leaf pH and
tannin content (Keatlng et al., 1988). In another study,
NPV-dosed larvae reared on pltch plne follage survlived
longer than dosed larvae feedling on oak follage
(Rosslter, 1987). Such hcst-medlated effects could be
Important In the development of gypsy moth NPV eplzootlcs
as has been suggested for some lepldopteran defollators
(White, 1974).

Evidence that paraslitism affects susceptlblllty to
virus was presented by Godwlin and Shilelds (1984). These
workers showed that paraslitism by Blepharipa pratensls
Increased the pathogenliclty of NPV In gypsy moth larvae.

Populatlion denslty may affect Insect susceptiblllty
to virus, elther dlirectly, or Indirectly through changes
In host plant follar chemlistry. Follar chemical changes
assoclated wlith defollatlcn have been shown to affect
gypsy moth development time, pupal welght and survival
(Wallner and Walton, 1979;:- Valentlne et al., 1983,
Rosslter et al., 1988). Censlty also effects




443

physlologlcal and behavioral changes In hlgh-denslity
gypsy moth populatlions (Caplnera and Barbosa, 1976;
Leonard, 1970; Lance et al., 1986, 1987). It Is Illkely
that such denslty-related changes may also affect gypsy
moth susceptiblllty to pathogens, however thls has not
been examlned.

Stelnhaus (1958) suggested that crowdling acts as a
stress factor capable of Inducling latent virus to an
active state or of lowerling reslistance to Infectlon.
Although the idea that latent Infectlons can be Induced
by varlous stress factors Is somewhat controverslal, some
exper Iments have been clted as evidence supporting that
hypothesls. For example, gypsy moth larvae fed the
heterologous NPV of another Insect, Aglals urtlicae, dled
from gypsy moth NPV Infectlon (Longworth and Cunnlingham,
1968), not from Infectlon of the A. urtlicae NPV.
Introductlion of chemlical agents have also resulted In
mortallty due to NPV (Yadava, 1971). However, It Is
possible that treatment with heterologous virus or
chemlical stressors reduced reslistance to low levels of
gypsy moth NPV contamlinatlion In the environment, rather
than Inducing a latent NPV Infectlon. Addlitlional
research wlll be needed to concluslvely demonstrate the
phenomena of latency and actlivatlion of NPV In gypsy moth
hosts.

Var lous models, but notably those of Anderson and
May (1980) are based on the notlon that populatlons
conslilst of susceptible and reslistant Indlividuals.
Obviously more research to identify and elucldate the
factors which Influence susceptlibllty and reslistance to
NPVs is needed in order to utlllze simllar models to
describe the eplzootlology of these pathogens and to use
such informatlion In gypsy moth population management.

FACTORS AFFECTING TRANSMISSION AND DISSEMINATION OF NPV
Transmisslon In Space

Factors determining the extent to which I[nsects
transmlt and acqulire virus within a spatlal context are
cruclal aspects of eplzootlology. Altered behavior,
Increased actlvity level, greater amounts of Inoculum
present In the environment, or Increased gypsy moth
populatlion denslty may serve to Increase the probablllty
of larvae encountering and acqulring virus. Populatlon
denslty can dlrectly or Indirectly affect behavlior,
Inoculum quantlitlies and actlvity level.

NPV appears to be spread through a gypsy moth
populatlion In a denslty-dependent manner, modlfied by
environmental perslistence of the pathogen after an
eplzootlc (Campbeli, 1963; Doane, 1969, 1970, 1975, 1976;
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Woods and Elklnton, 1987). Eplzootics of the dlsease
result from Increasing rates of transmisslion within and
between generatlons of the gypsy moth as the host denslty
Increases. Neonates which become Infected upon emergence
from contamlinated egg masses, dle and serve as primary
Inoculum for uninfected second and third Instars (Doane,
1969, 1976; Woods and ElklInton, 1987). A second wave of
mortal Ity occurs among older larvae as the environment
becomes Increasingly contamlinated (Doane, 1969, 1976;
Woods and Elkinton, 1987]. In outbreak: populatlons,
trees may become covered wlth debris mats, formed by the
bul Id-up of larval sllk, which accumulate larval and
pupal cadavers and exuviae and also serve as oviposlitlion
sltes. These debrls mats and other enviromnmental

sur faces become heavlly contaminated wlth NPV (Doane,
1976; Weseloh and Andreadls, 1986) and may serve as a
source of Inoculum for larvae that encounter them or for
eggs deposlited In them, thus altering the denslity-
dependent pattern of transmisslion. After a number ‘of
years, environmental degradation of the virus reduces the
Inoculum to low levels untll the next populatlion cycle.

Anderson and May (1980) developec mathematical
models which predict that natural populatlons of
Invertebrate hosts are regulated by the denslty-dependent
cycling of virulent pathogens. Whlle there |Is abundant
evidence that gypsy moth populations are regulated at
high-denslitles by NPV It Is apparent that other mortal lty
agents are more Important at lower dersitles (Campbell,
1967; Campbell and Podgwalte, 1971).

Larval behavior, which Is affected by population
denslty, environment, or Infectlon, Influences
transmisslion and dissemination of NPV. Larvae in high-
density populations rema n in the canopy throughout the
day and night and tend to feed more during the day, In
contrast to the typlcal dlel actlivity rhythm exhlibited by
low-denslty larvae which feed only at night and seek
cryptlic resting locatlons durlng daylight hours (Lance et

al., 1987).
Neonates can acqulire NPV from contamlinated
substrates (Weseloh and Andreadls, 1986; Woods et al., In

press) presumably by transferring the Inoculum to thelr
food where It Is Is subsequently Ingestec. Doane (1970)
suggested that the rapld spread of NPV Is enhanced by the
normal behavior of early Instars which results In thelr
aggregatlion In the canopy. Other factcrs which affect
larval behavior, such as weather and stage of
development, could have an Indlrect effect on
transmission, acqulislitlion, and disseminatlion of virus.
Movement of Infected Insects alsc serves to
disseminate virus. Filrst Instars are the primary
dlspersing stage as adult females are fllghtless.
Leonard (1970) suggested that dispersal from dense
populatlons |Is greater than from low-denslty populatlons.
However, flindings of a more recent study (Caplnera and



Barbosa, 1976) were contradictory. It Is apparent that
certaln factors do Influence dlspersal rates but the
Importance of dlspersal In dissemlination of NPV has not
been studled.

Infectlon can alter larval behavior (Watanabe,
1987). The NPV dlsease of the nun moth was origlnally
termed ‘Wipfelkrankhelt’ or ‘tree-top dlsease’ because
Infected larvae clIimb to the top of trees where they die
(Benz, 1963). Our observatlions of NPV-Infected and
healthy larvae on oak trees demonstrate that Infected
gypsy moth larvae also exhlblt thls altered behavior just
prior to death (unpubllished data).

Parasltes and predators are also Involved In
transmission and dissemlination of NPV. The paraslitold,
Cotesla melanoscelus, was shown to be capable of
vectoring NPV to gypsy moth larvae (Ralmo et al., 1977).
Infectlve NPV has been found In feces of avian and
mammal lan predators (Lautenschlager and Podgwalte, 1977,
1979), therefore, these animals may carry virus from one
area to another after feedlng on Infected gypsy moths.

Ablotlc factors, such as raln and wind, have been
Impllcated In the dissemlination of Insect viruses. Raln
can spread virus on plants and wash Inoculum Into the
soll and iltter. In one study the number of shoots
contaminated wlth Douglas-flr tussock moth NPV rose from
18% before raln to 100% two days followlng ralns
(Thompson, 1978). Raln was also shown to be Important In
dissemlinatlion of a sawfly NPV within the tree canopy
(Blird, 1961). Virus may also be carried from one area to
another by wind. Thompson (1978) examlned the
Infectlvity of dust-borne Douglas-flr tussock moth virus
applled to follage. He found that dust from forested
sltes remained Infectlve 10 years followlng an eplzootlc,
but suggested that, except for unusual dlisruptlon of the
sol |l such as during logglng or cattle drives, wind-borne
dust probably Is not an Important route for movement of
virus back onto the follage. The Importance of wind In
movement of gypsy moth NPV has not been examlned. The
role of preclpltation In the gypsy moth system Is
dlscussed below.

Transmission In Time

Primary Inoculum assoclated wlth gypsy moth egg
masses |Is an Important component In the development of
eplzootlcs (Doane, 1976; Woods and ElkInton, 1987). Much
of the early llterature suggested that NPV Is readlly
transmitted from Infected adults to progeny within the
egg (le. transovarlal transmlisslon) (Longworth and
Cunningham, 1968; Swalne, 1966). However, conclusive
evidence for thls mode of transmisslion among the
Lepldoptera are lack!ng (Evans, 1986). Doane (1969)
showed that chemlcal dlsinfection of the surface of gypsy
moth eggs reduced the Incldence of NPV-caused mortal lty
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among larvae hatched from the eggs from 80% to 0.1%,
Indlcatling that virus Is carrled on the surface of the
egg rather than Internally. He suggested that Infected
female moths transmlit NPV transovum to the surface of the
egg.

Shaplro and Robertson (1987) concluced from thelr
laboratory study, that females fed sublethal doses of NPV
transmlitted virus to thelr offspring. Threse workers dld
not examlne whether the Inoculum was trarsmltted
transovarlally or transovum. In a simllar study, we were
unable to show transmission from NPV-fed parents to
progeny when egg masses were oviposited and overwlntered
on forest oak trees {(Murray and ElklInton, In press).
However, mortallty rates among our dosed parental stock
were somewhat lower than those In the earller study.

We also compared environmental versus maternal
factors In vertlcal transmisslion of NPV (Murray and
ElkInton, In press). We examlned the role of
preclipltatlion In leachlng NPV from the environment to
contamlinate gypsy moth egg masses as has been shown to
occur wlth the Douglas-flr tussock moth (Thompson, 1978).
We found that egg masses acqulre most NPV at the time of
oviposltlon and subsequent preclpltatlion was not an
important factor. When we swltched females between hligh
denslity, hlgh- Infectlon rate and low-denslty, low-
Infectlon rate populatlions, for oviposlition In the
opposlte slte, we found that the site In which the eggs
were oviposlted was the most Important factor Influencling
the Incldence of NPV Infectlon among progeny. Because
progeny of females from the eplzootlc populatlion suffered
very |llttle mortallty when oviposlited In the low-denslty
slte, we concluded that transovum transmisslon may not be
as Important a factor as envirommental contamlinatlon of
eggs In transmisslion of NPV from one generatlon to the
next. We suggest that NPV Is Incorporated from the
substrate Into the egg mass durlng ovipositlion (Murray
and ElklInton, In press).

Although transmisslon across and wlthin generatlons
may occur by a number of routes, and varlous factors
appear to have an Influence, the relatlve Importance of
the varlous routes and each Influenclng factor are not
well understood. It Is llkely that the Importance of
dlfferent transmisslion mechanlsms varles wlth
environmental condltlons such as host plant chemistry,
populatlon denslty, or the amount of Inoculum present In
the environment.

SUMMARY

Eplzootlology attempts to describe and explaln the
causes and patterns of dlsease. Complex Interactlons
between the Insect, Its host plants, the pathogen, and
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the environment, Iinfluence the expression and spread of
nucleopolyhedrosls viruses In lymantrild populations.
Factors affecting the susceptliblllty of the Insect to
viral Infectlion, as well as transmission, dissemination
and environmental persistence of the pathogen are all
Important In the development of eplzootlics. Recent
studies have shown that gypsy moth NPV Is transmitted In
a denslity dependent manner and have eluclidated some of
the mechanisms by which NPV Is transmitted. Other
studies have shown that Insect/plant Interactions are
Important In expresslion cf NPV Infectlion. But many
questions remain unanswered. For Instance, there Is
clrcumstantial evidence that NPV can occur In a latent
state and may be activated by environmental stress, but
such a phenomenon has not yet been concluslively
demonstrated. Transovarlal transmission, which occurs In
other host/pathogen systems has also yet to be
conclusively shown. The effects of many environmental
varliables on expression, transmission, dissemination and
persistence of NPV are not clear. A better understanding
of these Influences Is needed In order to effectively
utlillze these viruses In the management of pest
lymantrild populations.
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IMPORTANCE OF MICROSPORIDIA IN INSECT POPULATIONS

The Phylum Microsporida is a group of obligately parasitic
eukaryotes many species of which are parasites of insects. Unlike many
viral and fungal diseases of insects, Microsporidia do not typically cause
dramatic epizootics during which large numbers of insects die over a short
period of time. Most microsporidia are insidious in that they cause some
mortality in all life stages of the insect; more important. they cause many
sublethal effects such as reduced fecundity. slower developmental rates,
and detrimental behavioral changes. For this reason microsporidian
infections often go unnoticed in insect populations. Different species of
microsporidia affect their hosts in a variety of ways depending on the
tissues infected, the modes of transmission, the virulence of the
microsporidium, and the initial spore dose.

As insect pathologists have become more involved in studies on the
population dynamics of insects, they have begun to recognize that
microsporidia are often important naturally occurring biological control
agents affecting insects (Maddox, 1987; Canning, 1982) and that they
influence the population cycles of many insect species. Microsporidia that
affect the dynamics of insect pests have several similar characteristics:
they have a relatively low IC-50: they are transmitted efficiently, both
horizontally and vertically; they are moderately pathogenic; and much of
the mortality caused by microsporidia occurs in the vertically infected
progeny of infected females.

MICROSPORIDIA OF GYPSY MOTHS

Several species of microsporidia have been described and/or
reported from European gypsy moths (Table 1). There are additional
reports, both published and unpublished, of unidentified microsporidia
infecting gypsy moths collected in Poland, Bulgaria and Iran. Thus, it is
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likely that microsporidia are widespread in European gypsy moth
populations.

Table 1. Microsporidia described or reported from European gypsy
moths.
Microsporidian species Location Reference
Nosema lymantriae Czechoslovakia Weiser, 1957a *
Nosema lymantriae Yugoslavia Sidor. 1979
Nosema muscularis Czechoslovakia Weiser, 1957 *
Nosema muscularis Spain Romanyk, 1966
Nosema muscularis USSR, Ukraine Zelinskaya, 1981
Nosema serbica Yugoslavia Weiser, 1964 *
Nosema serbica USSR, Ukraine Zelinskaya, 1981
Thelohania disparis Not given Timofejeva, 1956 *
Thelohania similis Czechoslovakia Weiser, 1957a *
Vavraia schubergi Czechoslovakia Weiser, 1964
Vavraia schubergi USSR, Ukraine Zelinskaya, 1981
Nosema sp. Portugal Cabral, 1977
* Species description.

There are major taxonomic problems associated with differentiating
the microsporidia of gypsy moths. The original descriptions of these
species of microsporidia contain no ultrastructural details and very little
information on life cycle. Thus. it is difficult to compare current isolates
with the originally described species. These problems are not unique to
gvpsy moth microsporidia because ultrastructural observations have only
recently become a necessary part of the procedure used to describe
microsporidian species. The lack of ultrastructural and life cycle details is
especially critical in identifying the microsporidia isolated from Lepidoptera
because many species are dimorphic (Maddox and Sprenkel, 1978). These
dimorphic species, most of which are in the genus Vairimorpha, produce
two types of spores. Unfortunately, the microsporidia described from the
gypsy moth in Europe were described before the occurrence of dimorphism
was recognized (see Table 1). Consequently, many of these species that
were described earlier as mixed infections of Thelohania sp. and Nosema
sp. may represent a single dimorphic species in the genusVairimorpha..
Therefore, it is essential that the microsporidia from gypsy moths be
characterized ultrastructurally and, if appropriate, transferred to the
appropriate genera.

The importance of microsporidia in the population dynamics of the
gypsy moth in Europe is not clearly defined; however. there are several
references suggesting that they can cause significant mortality and
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contribute to the demise of populations in regions where the period
between outbreaks is shorter, i. e., the Mediterranean Region. the Balkans,
and Crimea (Weiser and Novotny, 1987). Unlike the nucleopolyhedrosis
virus (NPV) of the gypsy moth, which kills massive numbers of larvae
outright and frequently decimates high-density populations, microsporidia
were found to infect only 30-40% of the individuals at the peak of the
outbreak but had an insidious effect on the surviving population
(Zelinskaya, 1980). Infected larvae developed at a slower rate and were
subject to increased parasitization, the fecundity of surviving females was
reduced from 2 - 9 times, and eggs produced by infected females incurred
higher overwintering mortality. Further, the incidence of infection by
microsporidia and its synchrony with gypsy moth outbreaks in Slovakia
(Weiser, 1987) suggests that microsporidian infections precede the buildup
of NPV during the progradation phase and may act as a precursor to the
development of viral epizootics.

Although microsporidia have been recovered from gypsy moth larvae
collected throughout Europe, microsporidia have never been recovered
from gypsy moths collected from U.S. field populations (Podgwaite, 1981).

IMPORTATION OF PATHOGENS AS A BIOCONTROL STRATEGY

The importation of parasitoids and predators has resulted in the
partial, substantial, or complete control of more than 157 insect species
worldwide (Laing and Hamai, 1976). By contrast, few insect pathogens
have been imported and then intentionally introduced into a pest
population to provide a regulatory effect on succeeding generations
(Harper, 1978). There are several examples where a pathogen that was
accidentally introduced into a new location along with its pest host became
a significant mortality factor in succeeding generations. The most
noteworthy among forest insects were the introductions of the
baculoviruses of the European spruce sawfly (Balch and Bird, 1944) and
the gypsy moth (Glaser, 1915). The microsporidium Nosema pyrausta is
an important biological control agent of the European corn borer in the
United States but it too was introduced accidentally, presumably via the
importation of contaminated parasitoids. To the best of our knowledge.
microsporidia have never been intentionally imported into the United
States for the control of insect pests.

Although it is not known why few exotic pathogens have been
targeted for foreign exploration and eventual introduction into the United
States for control of economic pests, we offer a possible explanation.
Whereas protocols have existed for the importation of parasitoids and
predators and quarantine facilities are maintained both here and abroad to
receive candidate species, guidelines for the importation of
entomopathogens have been developed only recently. These are discussed
briefly in a forthcoming section. Exploration for parasitoids usually entails
collecting large numbers of host insects which are then reared or
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maintained until parasitoids emerge. Many of these activities can be
performed by trained technical personnel. Searches for entomopathogens
must be conducted by trained insect pathologists who can dissect and
examine diseased tissues on site, identify the microbial pathogens. and
then properly care for them, i.e., exclude contamination by secondary
organisms and determine the best storage conditions for shipment.
Whereas parasitoids usually are perceived as biological control agents that
cycle in both low- and high-density pest populations and ideally maintain
host populations below an economic threshold, pathogens, notably the
baculoviruses. are perceived to cause epizootics only at high host densities
and therefore to have little regulatory effect on their host populations
before the economic threshold is exceeded. This is probably a
misconception that reflects our poor understanding of many
entomopathogens such as the microsporidia and their role in the dynamics
of populations.

FOREIGN EXPLORATION

For several reasons we believed that there was scientific merit for
importing European microsporidia as potential biocontrol agents of the
gypsy moth: 1) microsporidia are known to be important biological control
agents of many species of insects; 2) the foreign literature suggests that
several species of microsporidia are important mortality-causing factors in
the dynamics of gypsy moth populations in Eurasia: and 3) microsporidia
have not been recovered from U.S. gypsy moth populations. With the
support from a USDA Forest Service cooperative zgreement and after
consultations with many of our gypsy moth reseasch colleagues in the
United States, Maddox and Jeffords in the spring of 1986 searched for
microsporidia in gypsy moth populations in Europe. Excellent cooperation
was received from the following:

Portugal: Dr. Maria Teresa Cabral, Mr. Fernando Barbosa,
and Mr. Antonio Completo _

Yugoslavia: Dr. Radovan Marovic and Mr. Aleksandar Mancic

Czechoslovakia: Dr. Jiri Vavra and Dr. Jaroslav Weiser

In Portugal, gypsy moth larvae were collected in cork oak forests
within ca. a 150 km radius southwest of Lisbon. Larvae were returned to
the Forestry Institute in Lisbon where tissues of the midgut, salivary
glands, and the fat body of each larva were examined under a compound
microscope. Nearly 1,700 larvae were dissected . Although the prevalence
of microsporidian infections was low (< 5%) Maddox and Jeffords found two
species of microsporidia infecting gypsy moths, a Nosema sp. and a
Vavraia sp.
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Gypsy moth populations were low in Yugoslavia in 1986--only 500
larvae from five different locations south of Belgrade were collected. No
microsporidia were recovered from these collections.

Two different microsporidia from Czechoslovakia were obtained. both
of which had already been isolated by Drs. Vavra and Weiser from gypsy
moth populations in that country. These cooperators also provided a
species of microsporidia that had been isolated from gypsy moths collected
in Bulgaria.

CHARACTERISTICS OF MICROSPORIDIA OBTAINED FROM EUROPE

Five species of microsporidia were isolated from gypsy moth
populations in Europe (Table 2) and returned to our laboratory for
evaluation and potential introduction. We briefly discuss the
characteristics and taxonomy of these species.

Table 2.  Characteristics of five species of microsporidia obtained
from Europe.

Species Country Tissues Infected
Nosema sp . Portugal SG, FB, MG
Vavraia sp. Portugal FB

Vairimorpha sp. Czechoslovakia MG, FB
Vairimorpha sp. Czechoslovakia MG, FB. SG
Vairimorpha sp. Bulgaria MG, FB, SG

FB = fat body: MG = midgut: SG = salivary gland.

We believe that the Nosema sp. from Portugal probably represents a
new species, though it is similar to Nosema serbica (Weiser, 1964) . a
species described from gypsy moths collected in Yugoslovia and reported to
occur in the Ukraine (Zelinskaya, 1980). The Portugal isolate should be
compared to N. serbica.; unfortunately, we do not have an isolate of N.
serbica and there is no information on its ultrastructure and few details
available on its life cycle.

The Vavraia sp. is similar if not identical to V. schubergi. a species
that has been recovered from several species of Lepidoptera. It is not
known if V. schubergi represents a single species with a extensive species
variability,or several different species. Microsporidia similar to V. schubergi
have been isolated from several species of Lepidoptera. These isolates
usually have been considered subspecies of V. schubergi. but because no
thorough studies have been conducted on these isolates, it is possible that
they may be separate species (Sprague, 1977).
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The three species of Vairimorpha obtained {rcm Drs. Vavra and
Weiser present taxonomic difficulties common to mary microsporidia
described from Lepidoptera before their dimorphic nature was recognized.
The genus Vairimorpha was established as a repcsitory for these
dimorphic microsporidia. At present it is not clear whether these
Vairimorpha spp. represent tae dimorphic forms of Nosema and Thelohania
spp. described previouslv (Nosema lymantriae, Nosema serbica. Thelohania
similis, Thelohania disparis) or are new, undescribed species. To clarify
these taxonomic relationships, we are conducting ultrastructural
examinations and life cycle studies on the five species we now have. In
cooperation with foreign cooperators, we plan to conduct parallel studies
on additional isolates from Eurasian gypsy moths.

EXPERIMENTAL RELEASE OF EUROPEAN MICROSPORIDIA
INTO U.S. GYPSY MOTH POPULATIONS

Regulatory Issues

Establishing guidelines for the introduction of nonindigenous
pathogenic microorganisms has been viewed as a regulatory dilemma as
there is a legitimate concern about introducing organisms that may pose
an environmental hazard. Are such organisms to be regulated in a manner
similar to that for pesticides. genetically engineered organisms, or
parasitoids and predators? Because our experiments constitute the first
deliberate effort to introduce nonindigenous micrcsporidia into the United
States, and because the regulation of nonindigenous insect pathogens has
been an enigmatic issue, we believe it is appropriate to describe in some
detail the regulatory matiers germane to our proposzd introductions.

In December, 1984, the Environmental Protzction Agency (EPA)
proposed a mechanism for reviewing genetically engineered,
nonindigenous, and pathogenic microbial pesticides under the Federal
Insecticide, Fungicide and Redenticide Act (FIFRA). Particular emphasis
was placed on small-scalz field trials (terrestrial field studies on plots of 10
acres or less) with genetically engineered and nonindigenous microbial
organisms. All isolates of microsporidia that were recovered from gypsy
moth populations in Eurasia are considered to be nonindigenous to the
United States and therefore subject to review. The EFA established a
notification policy as set orth in Federal Register Notice (Vol. 51, No. 123,
p- 2313-2335, dated June 26, 1986) titled "Coordinzted framework for
regulation of biotechnology: Announcement of policy and notice for public
comment.” We have adhered to these regulations in our annual field
releases and briefly discuss the protocols that have been established for
past and future releases.

The nonindigenous microsparidia were impcrted into the United
States under certification by the USDA Animal and Plant Health Inspection
Service (APHIS) . Laboratory studies were conducted for 2 years at the
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Illinois Natural History Survey to determine the biological characteristics
(host ranges, IC-50 and LD-50. tissues infected. etc.) and generic identity
of the European microsporidia. After 2 years an Environmental Assessment
(EA) was prepared for each organism as prescribed by the Agricultural
Research Service (ARS) National Environmental Policy Act regulations (7
CFR 520), and was reviewed by APHIS. APHIS determined that. on the
basis of the evidence submitted, there was no significant environmental
impact, and issued a courtesy permit for a small scale-field test. The EPA
recognized that there had been prior review and permits issued at the
federal level by ARS/APHIS. The EPA then agreed to minimize its
notification requirements under FIFRA for our field releases of
microsporidia. Under this agreement, the following information was
provided to the EPA for each microsporidian species to be introduced
experimentally.:

1. Identity of the microorganism, including taxonomic
characterization.

2. The geographic location and a description of the natural

habitat from which the microsporidium was isolated.

. The host range of the microsporidium.

. A description of the experimental introduction including
site location. crop to be treated, target pest. amount of
material to be applied, and method of application.

5. Verification that the microorganism was subject to
USDA/ APHIS regulation, and that the necessary APHIS
permits were obtained for import, movement, and/or
field testing of the microsporidia.

W

OBJECTIVES

The immediate objectives of our experimental introductions of
microsporidia into gypsy moth populations were to:

1. Determine the best method for introducing these
microsporidia into gypsy moth populations.

2. Estimate the horizontal transmission of the
microsporidia in the field.

3. Evaluate the ability of each species of microsporidia to
establish (overwinter) in U.S. gypsy moth populations.

4. Determine the spread of microsporidian infections
outward from the central release point to other areas in the
experimental gypsy moth population.

The long-range objectives are to establish the most appropriate
microsporidia in U.S. gypsy moth populations and then evaluate their role
as naturally occurring biocontrol agents in gypsy moth populations. These
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objectives, however, will take many years to complete and logically follow
the modest objectives listed.

METHODS
Introduction Methods

Although both inundative and inoculative releases have been used to
introduce pathogens into insect populations, we chose an inoculative
method involving the contamination of gypsy moth egg masses with small
quantities of microsporidia (Jeffords et al., 1988). We contaminated egg
masses by soaking 60 laboratory-r2ared egg masses (NJ F30 strain) per
plot (woodlot) with the microsporidium to be introduced into that plot. Egg
masses were soaked for 5 minutes in spore suspensions that contained a
few drops of Tween 80 and concentrations of microsporidian spores varying
from 1.3 x 109 to 3.3 x 1G6. depending on the IC-50 and LD-50 for each
particular species of microsporidium. The objective was to chose
concentrations that woulc infect most hatching larvae but would cause
little mortality in early larval instars. The treated egg masses were allowed
to air dry for 2-4 hr and then were individually encased in a 2 x 2-cm
saran mesh envelope before being zransported to the field. The mesh
gauge of the saran envelope was large enough to allow newly hatched gypsy
moth larvae to easily exit the envelope.

At each woodlot the saran mesh packets containing the egg masses
were distributed equally among 6-8 preferred host trees and stapled to the
boles at approximately 1.5 m above the ground. We preconditioned the
laboratory-reared egg masses so that they hatched within 2-3 days of the
hatch of the feral population.

Several criteria were used to chose the experimental woodlots, all
located in central Maryland. Woodlots were predominantly oak, were
isolated from other woodlots and forested areas, and had a gypsy moth
population estimated at 25-150 egg masses per ha.

We believe that there are several advantages to our
egg-contamination method of introduction as opposed to inundative
methods of release:

(1) Very small quantities of the microsporidia are released into
the environment.

(2) Few if any nontarget organisms are exposed to the initial
introduction of the microsporidia.

(8) Laboratory-reared egg masses are free of the gypsy moth
NPV which could interfere with the introduction process.

(4) We can better evaluate the interaction between the
microsporidia and the target gypsy moth population because
we can better estimate both the number of infected larvae
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and the intensity of infections in larvae released into the
woodlot relative to the density of the feral larval population.

(5) The newly emerged larvae become infected as they exit the
egg mass and exhibit their normal dispersal behavior: thus.
the microsporidian infections are distributed naturally
among the feral population.

By contrast, when a pathogen is sprayed inundatively onto a forested
canopy it is virtually impossible to determine the proportion of the target
population that is initially. infected.

Larval Sampling Methods

Larval sampling methods have been described (Jeffords et al.. 1988)
but will be briefly reviewed here. Each woodlot was divided into four
cardinal quadrants and into sampling zones as shown in Figure 1. Burlap
bands were placed on all oak trees > 10 cm dbh within the sampling zone.
Locations of burlap-banded trees within each site also were mapped so
that the specific locations of all larval collections were known. Three
sampling methods were used.

Method 1

First- and second-stage larvae were collected from foliage within 20
m of the center of each site to determine percentage of initial infection and
spread of disease from the site center. Gypsy moth larvae collected in
these samples were placed individually in cups containing artificial diet
and reared at room temperatures until at least the 4th instar. This
additional period of development allowed time for the infection to progress
and enhanced its diagnosis. Larvae were then examined for incidence and
degree of infection. For each larva collected, the site, quadrant. and
sampling zone were recorded.

Method 2

Fourth- and fifth-stage larvae were collected from the burlap-banded
trees to determine percent of infection, spread of disease from the site
center, and persistence of disease within the populations. Approximately
10% of the larvae that were resting under the burlap were collected from
each banded tree, placed individually in empty diet cups, and examined in
the laboratory for infection.

Method 3

This method was used to determine percentage of infection on
selected trees and was conducted at the same time as Method 2. All larvae
remaining under the bands after the Method 2 sampling were collected
from randomly selected banded trees at various distances from the site
centers. All larvae were removed from individual trees, placed together in a
container, and dissected within 12 hr after they were collected.
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Diagnosis of Infections

Microsporidian infections were diagnosed in the laboratory by
dissecting each larva, preparing wet tissue mounts and determining the
presence and abundance of spores by observing the wet mounts under a
phase-contrast light microscope. Depending on the species of
microsporidia being diagnosed, midgut, fat body, and/or salivary glands
were examined. The intensity of infections in individual larvae were
subjectively rated as light. medium, or heavy depending on the number of
spores present.

RESULTS

Because the specific results of our experimental introductions are
lengthy (Jeffords et al.. 1988) we will provide a synopsis of what we
consider the major findings in our study.

The egg-contamination method was an acceptable procedure for
introducing all five species of European gypsy moth microsporidia. For
species such as Vavraia sp. and Nosema sp., the contamination method
works best because the LD-50 and the IC-50 are far apart. making it casy
to select a concentration of spores that will infect most cf the larvae
without causing much mortality. Vairimorpha spp. are much more
pathogenic than Vavraia sp.. making it more difficult to select a spore
concentration that will infect most larvae and kill few. It is possible that
for some other species of microsporidia the egg-contamination method is
less appropriate.

Our larval sampling demonstrated that in all woodlots, infected
larvae dispersed from the center release trees, where contaminated
laboratory-reared egg masses were placed, into other areas of the woodlot.
Thus. the spread of infection throughout the woodlot was facilitated by the
natural dispersal habits of the larvae. Results from our dissections
indicated that some degree of horizontal transmission was occurring in
populations of gypsy moths infected with all five species of microsporidia.

One species, Nosema sp. from Portugal. overwintered and persisted
in the gypsy moth population from 1986 to 1988; however. Vavraia sp..
also from Portugal. did not persist. The three species of Vairimorpha wcre
first introduced experimentally in 1987, so it is too early to evaluate
overwintering success.

FUTURE STUDIES AND OBJECTIVES

Although we are optimistic about the results of our initial rcleascs
and the potential role of microsporidia in the dynamics of gypsy moth



populations in the United States, we recognize that additional studies are
needed. Several of these can be conducted exclusively in North America,
while others should be conducted in cooperation with our colleagues in
other countries.

Acquisition of additional microsporidian isolates.

In selecting candidate pathogens for introduction, isolates should be
sought that are particularly well adapted to the host's specific geographic
or ecological environment. We have initially introduced microsporidia that
were available to us into gypsy moth populations in the most expedient
locations. It is likely that certain species or strains of microsporidia will
become established more readily and be more successful biological control
agents in some areas of the United States than in others. We believe that
there are many additional isolates and species of microsporidia infecting
gypsy moths in Europe and Asia that should be acquired and evaluated for
subsequent introductions.

Taxonomy

As emphasized earlier, previously described species of microsporidia
from gypsy moths as well as new isolates must be examined
ultrastructurally to confirm their generic placement. There also is a need
for studies to determine intraspecific variability and geographic
distribution of species of microsporidia that infect gypsy moths populations
worldwide.

It is extremely important that we be able to unequivocally identify
any microsporidia recovered from gypsy moth populations as the
microsporidian species that we released. To this end we are developing
rRNA sequences for all microsporidia from the gypsy moth to assist us in
identification and taxonomic placement.

Laboratory evaluations

Additional laboratory studies will be conducted to further
characterize the five species of microsporidia we now have as well as
additional isolates we may obtain in the future. We need to adapt the egg-
contamination method for more pathogenic species of microsporidia. to
obtain quantitative information on the vertical and horizontal transmission
of all available isolates, and to determine their sublethal effects on gypsy
moth life stages. Ultimately, studies will be designed to evaluate the
interactive effects of each isolate with other biological control agents
affecting gypsy moth populations.
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Field studies

Our field experiments have been aimed at answering two questions:
what is the most appropriate method for introducing microsporidia into
gypsy moth populations, and can introduced European gypsy moth
microsporidia persist in U.S. gypsy moth populations?

If these nonindigenous microsporidia can persist in U.S. gypsy moth
populations, and it appears that at least one species can, then many
additional questions should be addressed, including the following:

(1). What is the effect of these microsporidia on the population
dynamics of the gypsy moth?

(2). What factors are important in the horizontal and vertical
transmission of the microsporidia within a population?

(8). Should we consider a multiple release of several isolates
of microsporidia rather than single-species releases?

(4). Should we consider inundative releases or continue using
inoculative releases?

In the months ahead, and after consultation with other scientists, we
will address these questions and many others before we prioritize short-
and long-term research needs.
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PREDATTI QO N ITS INFLUENCE ON
POPULATRTION DYNAMIES AND
ADAPTIVE CHANGES 1IN
MORPHOLOGY AND BEHAYVIOR
OF THE LYMANTRIID A E

Harvey R. Smith, USDA Forest Service, Northeastern Forest
Experiment Station, Hamden, Connecticut 06514 USA

INTRODUCTION

Predation is a major suppressive force on natural insect
populations (Holling, 1965; Murdoch & Oaten, 1975). Although
Connell (1975) suggests that predation is the single most important
biotic factor affecting natural communities, most biologists believe
it to be the third most important limiting factor, with food and
intraspecific competition being first and second, respectively. One
of the main characteristics of the living organism is that it
possesses an overwhelmingly complicated system of mechanisms that
protects it against adverse influences of the environment including
predation (Tinbergen, 1951). Because the magnitude of predation
depends on a large number of variables that interact with one
another (Holling, 1959) it is exceedingly difficult to generalize
about the role of predation on a particular lymantriid (prey)
population. Predators, however, are often regarded as an essential
factor in the regulation of endemic forest pest insect populations
(Buckner, 1966; Campbell & Sloan, 1977; Mason & Torgersen, 1987;
Wallner, 1987).

Two related but separate issues are involved in discussing the
relationship between predation and Lymantriidae. First, what is the
role of predation in the dynamics of insect populations? Second,
what is its potential use in integrated pest management (IPM)? Our
perceptions of the role of predators on the population dynamics of
Lymantriidae and its use in pest management have been strongly
influenced by (1) reports of early naturalists, whose observations
were usually anecdotal in nature and (2) the realization through
recent studies (Smith & Lautenschlager, 1981; Smith, 1985) of the
complexity of predator-prey interrelationships that makes practical
implementation of predation theory difficult. Successful management
depends on our knowledge of the role of predation; however,
insufficient basic knowledge is available to develop realistic
management scenarios at the current time.

The objectives of this paper are threefold. First, to briefly
discuss the evidence for an adaptive evolutionary influence by
predators on the morphology and behavior of Lymantriidae. Second,
to discuss the effect of predation on the population dynamics of
Lymantriidae. Third, to discuss some mechanisms of predation that
influence predation rate.

Because all of my research has been with gypsy moth (Lymantria
disgar). the emphasis in this paper is on that species. However,
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the discussion on adaptive relationships and on the mechanisms that
interact to influence the level of predation is applicable to
Lymantriidae.

PREDATORS AS AN AGENT IN NATURAL SELECTION

The relationship between predator and prey in the "game of
survival” is as old as natural populations of organisms. Therefore,
it seems appropriate in an overview of predation to oegin with a
coevolutionary perspective. Since the first interactions between
predator and prey, a variety of adaptive strategies and/or
characteristics in order to gain a survival advantag= of one over
the other have evolved. Dawkins & Krebs (1979) sugg=st that prey
actually have an inherent evolutionary advantage over predators.
Selection by the predator on the prey for defenses is stronger than
selection by the prey on the predator for hunting (Vermeij, 1982).
In spite of this, no prey has evolved a perfect defease. Actually,
the selective advantage of a particular defense mechanism may be
quite small but enough to account for its evclution in a variety of
species. Ford (1957) considers an improvement of 1 or 2 percent in
a prey's chances of evading a predator as being highly significant.
Price (1987) reported "...responses of insects to hunting predators
have provided evolutionary biologists with scme of the best evidence
available on the force of selection and the precision of the
evolutionary process." He suggests that a defense maechanism confers
a 30% advantage or more over individuals without the defense.

Today, it would seem difficult for a naturalist to dispute the
impact that natural enemies (including predators and parasites) have
had on the evolutionary biology of any insect species and that all
have developed to some dz2gree an anti-predatcr defense. That
natural enemies have had a profound affect on Lymantriidae is even
evident in the family common name "tussock mcth," a name derived
from the "tussocks" or conspicuous dorsal tufts of protective hair
on certain larval segments of some species.

The Lymantriidae is a highly diverse family. Although some
2,500 species have been described worldwide, lymantriids show only
modest diversity in temp=arate regions. Worldwide descriptions of
Lymantriidae are remarkadbly similar. Tillyard (1926) wrote the
following description of Lymantriids in Australia and New Zealand:

Larvae very hairy, often with tufts or brushes of hairs,
sometimes with urticating hairs, frequently conspicuously
colored and distasteful to birds; many species have
gregarious larvae living within a large bag-like shelter,
spun between twigs and leaves of trees. Pupae in a cocoon
often with larval hairs spun into it.

Metcalf et al. (1962), in describing North American species,
stated:

...the larvae make up for the plainness of their parents.
They are frequantly of striking or beautiful appearance,
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bearing tufts or pencils of beautifully cropped, close-set
hairs of gaudy colors or brilliantly colored tubercles
partially concealed by the hairs of their bodies. Hairs
play an important part in the economy of life of these
insects. Some of the hairs of the larvae are nettling
and no doubt serve to protect their lives from certain
enemies;

It is suggested from these descriptions and those of others
(Forbes, 1948; Seitz, 1913; Craighead, 1950) that predators have had
a major influence on the morphology of Lymantriidae and subsequently
an array of defensive mechanisms have evolved (i.e., changes in
color, size and pattern of hairs, urticating spines and tubercles).
It is most probable that the principle selective force for
particular color patterns is predation by vertebrates (especially
birds) (Ford, 1945).

Harvey & Greenwood (1978) and Jarvi et al. (1981) write that
certain insect species "have evolved distastefulness as a means of
defense against predators...and...many such unpalatable species are
brightly colored." Bright aposematic coloration is common among
Lymantriidae. According to Harvey et al. (1983), three conditions
of biological importance favor the evolution of aposematism and seem
particularly applicable to my observations pertaining to gypsy moth
larvae. First, aposematism is favored when prey families are found
at low densities and, second, the predator must easily recognize the
prey and remember. It has been shown that birds quickly learn to
avoid aposematic prey after only a few trials and remember to
associate particular color patterns in prey for several months
(Brower, 1958; Brower et al., 1963). Third, the prey must not be
too easily recognized. The aposematic coloration of the gypsy moth
is conspicuous only when viewed closely by a predator; however, when
viewed from a distance, even in aggregations, they appear cryptic.
This relationship appears to be characteristic of lymantriids even
though it would seem less obvious with the brilliantly colored
larvae of Dasychira pudibunda, a tussock moth distributed in Europe
and the forest zones and steppes of European USSR. The full-grown
larva is yellow-green and is cryptic on or near the foliage in the
crown until pupation. However, the larvae are very conspicuous when
viewed closely. They have black transverse cuts and erect bundles
of yellow hairs on the 4th and 7th segments and a long reddish tail
in the 11th segment.

Bright coloration among unpalatable diurnal prey is usual
(Turner, 1975; Gittleman & Harvey 1980). Palatability is difficult
to determine and various defensive adaptations will affect it
differently. It is not usually because of color alone but rather a
combination of disagreeable attributes such as hairiness, bad
flavor, and conspicuous coloration that affords the greatest
protection against predators. Taken individually, hairiness seems
to offer the greatest protection from the attack of birds (Judd,
1899). Except for cuckoos, I am unaware of any species of birds
that has adapted itself to specialize in hairy caterpillars. It
appears all others prefer hairless larvae.

Many Lymantriids have developed hairiness to a high degree and
in certain regions of the body grow urticating hairs especially




modified for defense (example, browntail moth, Euproctis
chrysorrhoea). An interesting account of the importance of these
hairs to survival in thke yellowtailed moth (E. similis) in Europe
was presented by Ford (1955). The hairs on this lymantriid actually
take the form of barbec spicules and protect throughout the life of
the moth. Most insect-eating birds avoid eating the pupa because
the irritating spicules are spun up among the silk. When the female
noth emerges, she collects the spicules on the yellow tuft of hair
on the end of the abdomen. Therefore, the yellow-tail moth (in the
female) is as irritating as the larva. The spicules produced by the
_arvae are then used to protect the eggs as they are incorporated
Znto the yellow-down egg mass during egg deposition.

In this discussion of adaptive influence of natural enemies of
Lymantriidae, it is appropriate to focus on the morphological and
behavioral changes in the immature stages cf L. dispar. Larvae of
gypsy moth undergo complex changes in morphology and behavior
' Zmmediately following the third molt. It is generally accepted that
older (IV-VI instar) larvae within innocuous densities descend from
the canopy at dawn to aggregate in sheltered places and ascend at
dusk to resume feeding. It is important tc note that the timing of
larval movements to and from feeding and resting sites occurs before
and after birds are foraging especially actively, thereby reducing
risk to predation by birds (Allen, 1925). Interestingly, Campbell &
Sloan (1976) were the only researchers in North America to
hypothesize that this behavior evolved in crder for larvae to evade
natural enemies in Europe in spite of all the evidence to suggest
such a relationship. They made no reference, howsver, to the
morphological changes.

Coincidental with this behavioral charge are morphological
changss. It is my contention that these changes ccevolved with
behavioral changes as adaptive protective mechanisms to reduce
mortality from natural enemies, particularly predators. Changes in
coloration would appear to serve little furction against parasites
as larvae moved away from the canopy. Certainly, movement should
increase vulnerability to predators and adcitional protection of
larvae in getting to and from resting locations, often 20 m from
where they fed in the canopy, was essential.

In larval instars IV-VI, the head of the gypsy moth has yellow
markings that interrupt the previously all black head. It is my
contention that they create the illusion of two large "eye" spots.
The body remains dusky or sooty-colored anc¢ hairy; however, there is
now a prominent double row of five pairs of blus tubercles followed
by a double row of six pairs of red tubercles on the dorsum. Each
tubercule bears numerous urticating setae.

Although it has not been shown experimentally for gypsy moth to
what degree the bright coloration (red and blue tubercles) or "eye"
spots intimidate predators, it is reasonable (based upon studies
with other Lepidoptera) to assume they serve a similar function.
Caterpillars of severa. species have eye spots with some being very
large, almost cartoon-_ike (Owens 1980). Small birds have an innate
fear of large eyes and are easily startled. Blest (1957) tested the
effectiveness of frightening patterns on bird foraging behavior. In
his experiments, birds were somswhat troubled by even a pair of
crosses or parallel bars and were progressively frightened as the
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pattern became more "eye-like." Certainly, this would suggest that
the large "eye" markings on the head of gypsy moth instars IV-VI
would be sufficient to trigger a startle response in many birds and
thereby reduce predation. Adding credence to my contention is the
fact that electron microscopy failed to reveal any structural
differences between the "eye" bands and the rest of the head
capsule. Also, I am unaware of any reported physiological function
of these bands.

Whalen et al. (in press) present further evidence that supports
the idea that predation by birds could have had a major influence on
these adaptive changes. Heritable propensity to attack gypsy moth
larvae, measured in an aviary, was greatest among those species that
forage in the mid and upper canopy. Therefore, the evolution of a
behavioral pattern to move away from the stratum where the greatest
amount of predation would likely occur would have obvious survival
value to the species. In addition, their study concluded that
earlier instars are preferred over later instars, giving further
credence to the hypothesis that earlier instars are at greatest risk
to predation. It is also important to note that the en masse
arrival of migratory insectivorous species, particularly warblers,
which also forage in the canopy, occurs during the availability of
instars I-III. Recent data of stomach analysis of insectivorous
birds show a significant decline in consumption of mature larvae
(larvae after the third molt). Rejection due to increased size
alone is not a likely explanation. Jones (1932) found that when
birds were fed Lepidoptera and Coleoptera of various sizes (small,
medium and large) the highest acceptability within each group was
for the largest.

There is also evidence to support the relationship between
distastefulness and conspicuous coloration in gypsy moth larvae.
Aside from protective hairiness, which has a major influence on
palatability, it has been shown that fifth instar larvae contain
four times the histamine content of first instar larvae (Sharma et
al., 1982). It is also possible that increased tannin levels in
maturing larvae that fed on oaks (Quercus spp.) will further reduce
palatability. The gut of gypsy moth larvae is rejected by
white-footed mice in the wild (Smith & Lautenschlager, 1978).

Because these changes in morphology and behavior appear so
abruptly in the development of the gypsy moth, adaptive theory would
suggest that survival of later instar larvae is a critical link in
the next generation. It is argued that instars IV-VI is a key age
interval in deciding whether sparse populations of L. dispar will
remain at innocuous levels (Campbell & Sloan, 1977).

Evidence shows that predators have had a profound affect on
Lymantriidae. They have changed their appearance and their
behavior. These adaptive changes persist in natural populations
today suggesting that the forces that brought about these changes
are still operative and are still potentially regulating factors in
the dynamics of Lymantriidae.

PREDATION AND POPULATION DYNAMICS
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Understanding the dynamics of Lymantriidae requires the
detailed knowledge of a host of complex, interrelated factors
interacting on the insect's life system. Predation is one process
that can have a substantial impact on populations of lymantriids.
Although accounts of predator interactions with a variety of
lymantriid species are commonly found in the literature, the roles
of predation on Douglas-fir tussock moth (Orgyia pseudotsugata) and
the gypsy moth are the only well-documented cases. Typically, many
tussock moth populations are relatively stable at low densities most
of the time and only occasionally erupt to outbrezks (Mason & Luck,
1978). Most gypsy moth populations are usually mzintained at
innocuous densities once the original outbreak has subsided
(Campbell, 1981). Within both of these sparse, stable population
systems, predation seems to play a major role (Campbell & Sloan,
1977; Mason et al., 1983; Mason & Torgersen, 1987).

Early naturalists studyng predators of the gypsy moth
emphasized the importance of birds and Forbush ané Fernald (1896)
considered them to be the primary predators of gypsy moth.
Subszquently, other studies have suggested that the regulatory
impact of predators on endemic gypsy moth populations in North
America results predominantly from the accumulative effect of birds
and mammals (Campbell & Sloan, 1977; Smith & Lautenschlager, 1981).
The greatest impact is attributed to predation of pupae by small
mammals. The impact of invertebrate predators on gypsy moth
populations has not been well documented. Smith (1985), studying
risk to predation by pupae placed at varicus densities in selected
microhabitat locations, determined that pupae located above the
ground were more vulnerable to predation by invertebrates than
vertebrates.

Calosoma sychophenta, a large carabid beetle imported from 1906
to 1926, may be abundent during outbreaks and can account for as
much as 25% of pupal mortality (Campbell, 1967). However, because
it depends on prey dersity, it is not effective on sparse
populations. This is also true in Europe (Patocka & Capek, 1971).

Campbell & Sloan (1977) hvpothesized that year-to-year
numerical stability (emong the sparse populations they studied) was
determined largely by a combination of predaceous birds that tended
to concentrate on instar IV-VI larvae, and small mammals, especially
Peromyscus leucopus, which tended to concentrate on the pupae.
Unfortunately, their study produced ambiguous results regarding the
actual role of birds. The exclusion of birds alone produced no
effect while the exclusion of mammals plus birds had the greatest
effect on change in gypsy moth egg-mass density.

Although nearly 50 species of birds are known to occasionally
eat gypsy moth, their effect on the dynamics is less clear than that
of small mammals. Predation cf gypsy moth by birds at sparse
densities is variable and can be very low. Diets (based on stomach
content analysis) of 251 individuals of eight insectivorous bird
species revealed that only stomachs of the black-capped chickadee
(Parus atricapillus), tufted titmouse (Parus inornatus), and
yellow-billed cuckoo (Coccyzus americanus) contain2d gypsy moth
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(Whitmore et al., 1987, unpublished progress report). Smith (1985)
examined frequency of occurrence of gypsy moth in 557 stomachs of 17
species of insectivorous birds collected in areas of high gypsy moth
(outbreak) densities in Massachusetts and New York. All but two
species had eaten some gypsy moth; however, frequency of occurrence
was < 25% in 13 species. Overall, 24% ate some gypsy moth (19% with
cuckoos excluded from sample). Evidently, hairs on the larvae
caused a significant reduction in predation by birds as evidenced by
the high rate of predation of other hairless Lepidoptera. Predation
by birds actually involves two separate periods (instars I-III and
instars IV-VI). Birds inherently prefer early instars over later
instars of gypsy moth. Therefore, the en masse migration of
insectivorous birds, especially the warblers, which coincides with
the availability of these young larvae, may account for high
mortality of these larvae while they are still vulnerable in the
canopy. Predation by birds of instars IV-VI, although still of
potentially important magnitude, would decline dramatically due to a
combination of larval defense mechanisms and the availability of
alternative foods.

Bess et al. (1947) were the first to suggest that small mammals
(mice and shrews) were important predators of the gypsy moth. Bess
(1961) indicated that in mesic forests survival is low when gypsy
moths rest in the litter and innocuous populations predominate.
Campbell & Sloan (1976, 1977) presented further evidence that
predation by vertebrates is essential in maintaining low populations
and showed conclusively that small mammals are a major factor in the
dynamics of these populations. Campbell & Torgersen (1983) further
reported that birds and small mammals contributed about 27% of the
killing power during the gypsy moth generation, and about 47%
between instar V and adults. In this life system, small mammals
compensated for birds but not the converse. However, to
conclusively answer the question of "regulation" by predators, it
still must be shown that changes in mortality rates due to predators
and not other agents occurs prior to changes in the overall dynamics
of the gypsy moth.

Survival of pupae at different densities and in selected
microhabitats (litter, bole, bark flaps) was studied by Smith
(1985). In this study, predation was significantly (P<0.001)
greater in the litter than on the bole or under bark flaps at all
densities (Table 1). However, vertebrates and invertebrates
evidently differed in foraging behavior. Essentially, all
vertebrate predation was by small mammals. At the two higher
densities, small mammal predation in the litter accounted for most
mortality. Evidently, at the lowest density, litter aggregations
(Table 1) were too scarce to be found whether by random encounter or
by a learning-search-image response. Invertebrates, being
omnipresent, attacked pupae uniformly in all locations and at all

*Whitmore, R.C., Cooper, R.J., and Smith, H.R. 1987. Vertebrate
predator and gypsy moth population interactions and their influence on
defoliation. Unpublished Progress Report, Gypsy Moth Program. 7 pp.
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Table 1. Percent survival of gypsy moth pupae within different
microhabitats and at different densities. (Smith, 1985).

Percent- Percent- Percent-
age eaten age eaten age dead Percent-
by verte- by inver- of other age sur-
No./ha Location brates tebrates causes vival
2,491 Flap 13 19 15 52
Bole 14 157 17 52
Litter 4s 22 8 25
712 Flap 7 15 11 68
Bole 2z 19 11 49
Litter 42 25 7 26
237 Flap Z 13 6 78
Bole 2 14 8 76
Litter e 37 3 52

densities. Most invertebrate activity was attributed to ants. The
high proportion eaten by invertebrates (37%) at the low density may
have resulted from reduced ccmpetition from the small mammals. Moth
survival was greatest at all densities under bark flaps.

Figure 1 shows the pattern and amount of predation that
occurred at each aggregation within the high-density area. In the
illustration it is apparent that invertebrate pressure is much more
uniform between locations than predation pressure from the
vertebrates. Clearly, mortality by vertebrates (specifically small
mammals) was concentrated in the litter. This illustration would
also suggest an example of Derwinian selection (see Ford, 1945;
Dobzhansky, 1970; Darlington, 1980) by gypsy moth larvae to rest and
pupate on the bole if it can be shown that gypsy moth larvae have a
genetically based difference in behavior for the selection of their
resting locations. Predation by birds on early instars in the
canopy may have resulted in selection for a behavior that involves
seeking refuge in bark crevices, flaps, and litter. This behavior
may then subsequently reduce mortality by birds and/or other natural
enemies. However, larvae that attempt to pupate in the litter have
been shown here to have the lowest survivorship. Therefore,
predation by small marmals in the litter would favor the
survivorship of individuals in the gypsy moth population to rest and
pupate above the litter. Because predation by invertebrates seems
to be more uniform there does not appear, on their part, to be any
spatially related survivorship or any selective advantage to
relocate. Conversely, predation pressure from small mammals could
be the selective agent causing pupation sites above the litter.
Observations made during a 1986 visit to the Ukraine, USSR, also
support this contenticn. No larvae were observed resting in the
litter and all egg masses (previous generation) were found only at
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moth larvae and pupae in the stomachs of Apodemus sylvaticus and A.
flavicollis in the Soviet Union. In the U.S., Campbell et al.

(1975) reported that bark flaps provided virtually the only pupation
locations within the highest density stratum studied where female
pupae had a reasonable survival probability. Interestingly, within
the lowest density stratum studied only about 16% of the female
insects pupated in places other than the litter or bark flaps, but
survivorship of these from "other places" represented nearly half of
the adult females and, presumably, egg masses within that stratum.
References to vertebrate predation on gypsy moth in the Eurasian
literature are fairly common and all except Rothschild (1958)
emphasize the importance of birds. Bruns (1960) concluded that
birds can remove substantial proportions of low-density insect
populations and Turcek ({1950) noted that birds probably play a role
in maintaining gypsy moth populations at low levels. Furuta (1982)
reported that birds intensely devoured the larvae of higher density
subpopulations and caused density-dependent mortality on the
population. He concluded that predation by insectivorous birds was
the most important factor in determining the density within
innocuous density levels. These observations are certainly in
contrast to gypsy moth populations in North America. Another
difference is the predation by birds of egg masses. In Europe, bird
predation of egg masses has been reported to average 34% and up to
90% in sheltered areas (Schaefer, 1980). In the Soviet Union, seven
species of birds reportedly exterminated up to 35% of the
overwintering eggs (Kondakov, 1961). Reichart (1959) reported,
following a gypsy moth outbreak, that tits (Parus sp.), nuthatches,
and tree-creepers attacked 34-76% of the egg masses and destroyed
from 25% to 78% of the eggs. In an attempt to gain insight into the
amount of predation by birds on egg masses in North America, 104 egg
masses located predominantly on oak (Quercus spp.) were monitored
from January to April in Connecticut. Eorty-nine percent were at
least partially destroyed and 13% were completely destroyed
presumably by birds. White-breasted nuthatch (Sitte carolinensis),
black-capped chickadee (Parus atricapillus), and Downy woodpecker
(Picoides pubescens) were observed eating eggs.

Douglas -~ fir tussock moth
Orgyia pseudotsugata

Considerable effort has been made in recent years to understand
the dynamics of tussock moth populations particularly the processes
that maintain sparse, stable populations. When tussock moth numbers
are low and food is plentiful, vertebrate and invertebrate predators
are a primary cause of mortality (Mason & Wickman, 1988). Predation
is considered to be a major regulatory process in sparse populations
(Mason et al., 1983; Mason & Torgersen, 1987). All life stages of
the tussock moth are eaten by predators. However, unlike the gypsy
moth (impact on pupae), the greatest impact by predators is on
larvae. The most important factor affecting change was the
disappearance of larvae, which accounted for 63% of the total
generation mortality ancé exceeded by several times the other causes
of mortality (Mason et £l., 1983). Predation of pupae and eggs
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accounted for 9% of the total generation mortality. Because
predators often consume the entire insect, "predation" and
"disappearance” are difficult to quantify. Mason and Torgersen
(1987) found that vertebrate and invertebrate predators were
responsible for removing a large portion of the larvae that
disappeared. Spiders and predaceous ants commonly attacked small
tussock moth larvae (Mason & Torgersen, 1983), and a variety of
passerine birds preyed on.larvae of all ages but were significantly
responsible for the removal of late instar larvae. Torgersen et al.
(1983) identified 21 species of birds as predators of the tussock
moth.

Early-instar larvae appeared to be preyed on mostly by
foliage-foraging arthropods, and late larvae by 'birds. Although
individually none of the estimated mortality factors qualified alone
as a key factor (based on analysis of k-values), Mason & Torgersen
(1987) concluded that predation was independent of prey density and
the major mortality factors interacted in a compensatory way so that
their combined effects were delayed .density-dependent and
regulatory.

PREDATIEZON BY OTHER
LYMANTRITI DA

With the exception of one reference by Jensen (1986), a search
of the literature failed to reveal any studies of other
lymantriid-predator relationships except for general accounts of an
anecdotal nature. Jensen reported that during a decline phase
following an outbreak of nun moth (Lymantria monacha) in Denmark,
81-86% of adult mortality could be attributed to birds. The
following year a decrease in larval and pupal density from 1 to
2,000 larvae per tree to almost nil could only be explained as a
result of bird predation. Pratt (1972), writing about the browntail
moth in Maine, considered birds, next to disease, to play the most
important role in helping to check the spread of this insect.
Species commonly known to feed on other hairy caterpillars were
mentioned as predators, however, he felt the northern oriole
(Icterus galbula) and blue jay (Cyanocitta cristata) were the most
important. Similarly, birds were reported to "undoubtedly consume
many larvae of the satin moth," (Leucoma salicis) (Burgess, 1927).
Unfortunately, from these and numerous other reports one can
determine little regarding the role of predators in the dynamics of
these insects.

Conversely, based on what is known regarding gypsy moth and
Douglas-fir tussock moth, it is reasonable to hypothesize that
predation is an integral process in sparse stable dynamics of other
lymantriids.

UNDERSTANDING MECHANISMS OF PREDATION
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Over the past decade our knowledge of the basic importance of
predation on sparse stable gypsy moth populations has actually
changed little while our understanding of the. interrelationships
between mechanisms that effect the magnitude of predetion has
changed dramatically.

It is evident from the earlier discussion in this paper that
defense mechanisms influence predation rates. Yet, in spite of
them, predators often appear to regulate certain sparse stable
insect populations. It is also known that these insect populations
are regulated indefinitely and the occurrence of outbreaks testifies
to the inability of predators to maintain their control.
Understanding the mechanisms that .contribute to the variability in
predation impact is essential from an IPM perspective. While
population release is a complex phenomenon, tied to several biotic
and abiotic factors, reduced predation could be a releasing
mechanism.

Although the various components of predation are well known
(Holling, 1959), their interactive effects on the magnitude of
predation and the role of predation to the susceptibility of forests
to defoliation by gypsy poth has not been well documented. The
relationships between predator diversity and density, prey
vulnerability and microhabitat, alternative foods and site
characteristics (structural features offer refugia for prey and
vegetative cover for predators) to survivorship of gypsy moth were
examined in a series of comparative studies conducted with stocked
cohorts of pupae in a resistant and a susceptible forest in Vermont.

New England forests vary in susceptibility to defoliation by
gypsy moth. Susceptible forests characteristically are on dry, open
ridgetop sites where trees (mainly oaks) are scrubby with numerous
structural features (i.e. bark flaps, wounds and deep bark fissures)
that provide refuge for the gypsy moth (Valentine & Houston, 1979).
These sites are open and have little or no leaf litter. The
predominance of lowbush blueberry (Vaccinium spp.) is a positive
index of susceptibility {Bess et al., 1947). Blueberries, along .
with huckleberries (Gaylussacia spp.) provide small mammals an ample
supply of a very palatable food at the same time gypsy moth pupae
ars available. By contrast, resistant stands are mesic. They are
commonly .areas of deep loamy soils and possess well-developed.litter
layers. Resistant stands are well stocked with vigorously growing
trzes that are relatively free of gypsy moth refugia. Understory
plants often create a well-defined shrub layer. In addition, the
closed nature of resistant stands is not favorable to the production
of berries.

Species diversity and density was shown to be greater in
resistant than susceptible stands for both birds and small mammals
(Spith, 1985). Numbers of avian species and density of birds were,
respectively, 3 and 4 times greater in the resistant stands. Shrew
density (Blarina and Sorex spp.) was also 2-1/2 times greater in the
resistant stands; however, Peromyscus, a habitat generalist, had
densities that were rema-kably similar between sites. The
importance of reduced predator abundance to increased insect
pooulation growth has been demonstrated experimentally by Campbell &
Sloan (1977) and also reported oy Khanislamov et al. (1962) in the




Soviet Union. This would suggest that differences in vertebrate
predator communities can directly influence stand susceptibility.
Structural features (previously mentioned as refuges for insects)
also contribute significantly to predation impact potential. As the
number of refuges increases, the number of insects resting in the
litter decreases. Therefore, survival of gypsy moth larvae and
pupae will generally be much higher in susceptible stands because of
reduced vulnerability to litter foraging predators (Fig. 1).
Comparative survivorship curves of gypsy moth pupae (Figs. 2, 3)
indicate that differences exist between susceptible and resistant
stands. For example, in 1985 all pupae (all locations, litter-
bole-bark flap) were destroyed by predators within 4 days in the
resistant stand compared to 12 days in the susceptible stand.
Detailed methodology and results of these studies will be presented
in subsequent manuscripts. Average P. leucopus densities (based on
minimum number known alive, 1.2 ha) in the resistant and susceptible
stand for 1985, 1986, and 1987 were 65, 43, and 28, and 61, 42, and
34, respectively. Coinciding with the trend in declining mouse
density was an obvious annual increase of berry abundance on the
susceptible ridge site. In addition to ‘the various factors already
mentioned that influence site susceptibility, the abundance,
availability, and palatability of alternative foods are of major
importance. The opportunistic foraging behavior of P. leucopus is
evident in Table 2. In the susceptible stand, as the abundance of
ripe berries increased, their consumption increased with a
corresponding decrease in the consumption of arthropods which
undoubtedly reduced the effectiveness of these important predators.
Conversely, in the resistant stand, the summer diet of mice remained
predominantly arthropods due to the unavailability of berries. The

Table 2. Percentages of major food groups observed in stomachs of
P. leucopus.

June June July July August
Food 7-10 21-24 6-7 19-21 9-10
------------------ Susceptible---------==r-=-c—-
(4) (8) (6) (5) (7)
Arthropods 52 98 79 59 13
Berries 0 0 19 32 86
Mast 48 0 0 8 0
---------------- ~--Resistant-----=-=ccccccoooen
(9) (11) (13) (15) (16)
Arthropods 52 37 86 93 90
Berries 0 0 0 2
Mast 48 60 1. 2 0

(n) Bryant Mountain, 1983.

unanticipated selective logging of the resistant stand (fall 1983),
which opened the canopy, caused a rapid influx of raspberries and



blackberries along the logging roads. This resulted in a
significant change in the foraging behavior and food selection of
these mice. Consumptiorn of berries (volumetric percentage)
increased from 5%-22% by 1985. Berries have continued to increase
since 1985 and its effect in combination with a declining mouse
population is reflected in the 1987 survivorship curve (Fig. 2).

The influence of an alternative food that reduces predator impact is
especially appropriate when discussing lymantriids tecause of the
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Figure 2. Survivorship curves of gypsy moth pupae in a resistant
forest.

hairiness of these larvae and some pupae. Not only will the
coincidental availability of berries reduce predation on lymantriids
but the presence of hairless caterpillars will greatly mollify the
magnitude of predation. One -interesting example was reported nearly
a -century ago by Howard (1897). He wrote,

One of the early results of the introduction of the

English sparrow was the practical extermination by

this bird of cankerworms... The removal of the cankerworm
afforded room for the multiplication of the white-marked
tussock moth (Orgyia leucostigma) which, from the fact that
its larvae are hairy, was not eaten by the sparrows, and
consequently multiplied with rapidity.
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One other important factor worthy of mention in relation to
predation rate and site susceptibility is habitat structure,
particularly vertical stratification of cover. Peromyscus, although
a habitat generalist, prefer greater densities of cover in order to
reduce their own risk of predation. Density of cover has a major
effect on foraging behavior and food selection by mice. Gypsy moths
resting on boles or under bark flaps in areas where associated shrub
cover is moderate to dense (resistant forest) are much more likely
to be eaten by mice than those resting above the litter in more
"open" areas (susceptible forest). The only pupae that survived
(1986) in the susceptible stand all rested above the litter. These
studies show conclusively that predator effectiveness is of major
importance to the concept of site susceptibility to defoliation.
These studies also reemphasize the overall impact potential of
predation on sparse insect dynamics but more importantly demonstrate
(1) the causal relationships explaining variability of impact on
survivorship and (2) can provide valuable forest management
implications. The mechanisms and ecological principles involved in
these studies may apply to lymantriids around the world. These were
evident as I observed habitat selection, utilization, and foraging
behavior by ecological equivalents of North American gypsy moth
predators in the Soviet Union.
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Figure 3. Survivorship curves of gypsy moth pupae in a susceptible
forest.
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SUMMARY

. Predators were shown to be important agents of natural
selection in the evolution of insect defenses among Lymantriidae.
Adaptive changes in morrhology and behavior demonstrate the impact
predators had and still have or these insects. Studies on natural
regulation of sparse Douglas-fir tussock moth and gypsy moth
populations suggest that predation can regulate these populations
indefinitely. However, predatcr effectiveness is influenced by
several interactive mechanisms. Studies of these mechanisms have
shown a causal relationship between site susceptibility or
resistance to defoliaticn and predation. Reduced predation can have
a "releasing" effect on an insect population. The interactions
between predator density (a declining Peromyscus population),
increasing availability of a preferred food (berries), and site
differences in vertical stratification of cover accounted for the
differences in rate of rredaticn of gypsy moth, the total
survivorship of pupae within years, and trend in survivorship
between years.

These studies also helped to put in proper perspective the role
of predation in the management of forest pest insects. Predators
should not be regarded as ineffective simply because they cannot be
"azpplied" as other control agerts such as insecticides or viruses.
The interactions between predator and prey are more complex, often
stbtle, but effective. Predation theory can be integrated into
effective management schemes capable of extedaing the innocuous
phtase of insect populations. For example, a significant reduction
or elimination of a palatable alternative food that could be
achieved by the application of a chemical that would prevent fruit
set (on blueberries) would reduce the survival of target insects.
Tris could have a dramatic effect on survivorship of gypsy moth.

Sufficient knowledge of predation is also necessary for the
successful utilization of other biological control agents in IPM
(i.e., the release of parasites or sterile insects). Finally,
urderstanding the relationship between the mechanisms that determine
predatzon rate is critical to the development of "useful" population
mcdels and population forecasting. Particular emphasis in future
studies should be on those mechanisms that affect both functional
ard numerical responses of predators. Although a great deal of
evidence suggests the importance of predators, little actual
dccumentation on the actual role exists.

In conclusion, predators have had a profound effect on the
mcrphology and behavior of Lymantriidae; predation undoubtedly
ccntinues to have a significant impact on the dynamics of
Lymantriidae and predation can play an important role in future
attempts to manage these forest pest insects.
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PREDATION OF LYMANTRIIDS BY
ARTHROPODS

Ronald M. Weseloh, Department of Entomology, Connecticut Agricultural
Experiment Station, 123 Huntington Street, New Haven, Connecticut 06504
U.S.A.

INTRODUCTION

It is difficult to obtain definitive results in predation
studies. Even when a conspicuous predator attacks an easily-observable
prey, the relationships between the two are often not well known
(Taylor 1984). When arthropods prey on arthropods, especially if prey
or predators are small and arboreal, it may be particularly difficult
to obtain reliable information. Predators often leave no identifiable
remains, so prey just seem to disappear. It is usually impossible to
determine whether dispersal, predation, disease, or sometimes even
parasitism is responsible. The large "unknown mortality" category in
many life tables attest to the difficulties of assessing the effects of
predators, but also suggests the important roles they play.

Some studies have begun to show that arthropod predators can have
substantial impacts on lymantriids. Evidence varies from observations
of associations between predators and prey to controlled experiments
involving prey-exposures. The studies have so far only touched on the
impact of these predators. Rigorous research is needed to clarify
their roles, not only so dynamics of prey populations can be better
understood, but in order to find out if and how these predators can be
made more effective in suppressing prey populations.

My intent is to review known cases where arthropods attack
lymantriids, paying particular attention to effects of predators on
prey and methods used to obtain results. By pointing out areas where I
feel more research is needed, I hope to encourage more study on these
important natural enemies.

GENERAL PREDATORS

These are arthropods that feed on a wide range of prey, among
which lymantriids may be of greater or lesser importance. In most
cases, general arthropod predators are effective biological control
agents only when prey populations are low. In this, they are like
vertebrate predators. Because they are not dependent on a particular
organism for their survival, they are not closely linked to the
populations of any one prey species. As a consequence, general
predators usually have little ability to influence prey populations
when the latter are at high densities. They may be able to keep prey
populations low, but in no case is this known for sure because the
population dynamics of the relevant natural enemies are not well enough
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understood. The following survey will demonstrate the true of this
last statement but will also detail some encouraging research
directions.

Among hemipterous insects, the pentatomid, Dinorhynchus dybowski,
is known to prey upon lymantriids in Japan (Schaefer et al. 1979).
Feeding studies showed that D. dybowski is an obligate predator.

Nymphs and adults readily feed on larvae, pupae, and adults of the
gypsy moth, Lymantria dispar, and also attack other lymantriids such as
Leucoma candida , L. salicis, and Ivela auripes. Fowever, apart from
field observations that the bug does feed on caterpillars, little is
known about its impact oax prey. The species has been imported and
released in the United States, but is not known to be established.
Other species of pentatomids are known at least occasionally to feed on
gypsy moths, but reports are only anecdotal.

Polyphagous predaceous Coleoptera include the coccinellids,
Anatis rathvoni and Neomysia subvittata, found in association with (but
not necessarally feeding on) th= Douglas-fir tussock moth, Orgyia
pseudotsugata, (Mason 1976). Ground beetles have been implicated as
being either predaceous or saprophytic on gypsy moths because of prey-
specific antigens in their gut contents (Cameron, personal
communication). Also, Mason and Ticehurst (1984) observed larvae of a
dermestid, Cryptorhopalum ruficorne, on about 37 of gypsy moth egg
masses in parts of Pennsylvania, U.S.A. Laboratory tests showed the
beetle was a predator of gypsy moth eggs. However, its frequency of
occurrence was low.

Matsui (1976) found that mantids not only directly kill young
larvae of pine caterpillars, Deadrolimus spectabilis, but dislodge them
so they fall to the ground. This apparently often resulted in their
death by other, ground-foraging predators.

Furuta (1983) investigated predation on gypsy moths by the
Japanese paper wasp, Polistes jadwigae, in southern Honshu by placing
gypsy moth larvae on small (1.5-2 m high) forest trees, observing the
pradators, and determining disappearance rates of caterpillars. Wasps
primarily fed on large caterpillars, and aggregated in the plots having
the most gypsy moths. They were observed to capture prey in about 50%
of attempts. Larvae that escaped usually dic so by falling to the
ground. Wasps failing on the first try ofter searched for other prey,
especially at high larval densities. They spent more time searching
(1.2 times more) and did not always capture prey wher prey populations
were low. The number of larvae that disappeared from a study plot was
linearly and positively correlated to the number of wasps seen in that
plot. Furuta concluded that the wasps were largely responsible for
this disappearence. They also apparently leerned to forage in areas
where they had previously been successful, because thLe number of wasps
visiting a site increased after it was artificially stocked with
larvae.

Disappearance rates of gypsy moth caterpillars were rapid enough
that most larvae were gone after 10 days. Furuta felt that both birds
and wasps were responsible, but he could not be definite because in
this experiment prey were not continuously otserved.

I have described Furuta's study in detail because it illustrates
how useful data can be gathered through careful research. It seems
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clear from his study that P. jadwigae is a significant predator that
aggregates to prey clumps and thus can be expected to act in a density-
dependent manner. The favorable circumstances under. which he worked
undoubtedly contributed to his success, but his tactics (direct
observations, coupled with exposures of different densities of prey)
could be used in other situations as well.

Spiders are among the more prominent predators that attack
lymantriids. Sometimes they have only been seen in association with
potential prey, as reported by Dahlsten, et al. (1977) for the Douglas-
fir tussock moth. However, Wickman (1977) observed unidentified
spiders actively preying on newly-hatched tussock moths. Furuta (1977)
made a rather detailed study of spiders in Japan. He released
different numbers of gypsy moth third instars on trees in a pine
plantation that had populations of two hunting spiders, Oxyopes
sertatus and 0. badius, and noted that over 9 days, only 5% of
caterpillar mortality could be attributed to the spiders. Most
mortality was due to the paper wasps previously noted. At very low
prey densities, spiders responded in a direct density-dependent manner,
but only up to 15 larvae per tree. In another field experiment with
the pine caterpillar, Dendrolimus spectabilis, Furuta (1977) found that
numbers of spiders did not seem to be affected by numbers of
caterpillars on trees, and thus the former apparently did not aggregate
to clumps of prey. He also found that these spiders could not feed
successfully on large caterpillars, and so concluded that spiders are
not a very important predator of lymantriids in Japan. However, Matsui
(1976) indicated that spiders are quite effective in destroying first-
stage pine caterpillars.

Fairly good evidence about the nature of spider predation on
Douglas—fir tussock moths is given by Mason and Torgersen (1983). They
exposed cohorts of larvae on branches placed over drop-trays and
recorded the numbers found dead or disappeared. While it was not
possible to definitively determine that larvae had been killed by
spiders, the shriveled nature of those found dead in drop-trays was
very similar to those killed by bona fide spider predation in the
laboratory, and spiders (dominated by species in the families
Theridiidae, Thomisidae, and Salticidae), were often found in the drop-
trays. Most of the predation occurred on instars I and II (8.7%) and
III and IV (6.6%), and, unless larvae were removed from the branches
before being discarded by predators (which the authors felt was
unlikely owing to sticky-barriers at branch bases), spider predation
was probably not more than this because ants were also associated with
the caterpillars.

Harvestmen (Leiobunum longipes and L. politum), were observed to
feed on artificially-exposed gyspy moth pupae and "appear to have
considerable predator potential" (Smith and Lautenschlager 1981).
Spiders occasionally feed on gypsy moth larvae as well (personal
observations).

The evidence concerning predation on lymantriids by spiders and
other arachnids is somewhat sketchy, but where reasonably-well
documented their effects appear to be rather small. What impact they
have seems to be greatest on young larvae. However, they need to be
better known, and study on them is encouraged.




Using ants as biological control agents is an ancient practice.
Weaver ants (Oecophylla smaragcina F.) have been used by the Chinese to
control citrus pests for millennia (DeBach 1964). Red wood ants
(Formica spp.) are encouraged in European Forests (Finnegan 1971), and
forest ants are credited with suppressing populations of some forest
insects (Donley 1983, Fcwler and MacGarvin 1985). There are a number
of reports of ants feeding on lymantriids. Torgersen and Mason (1987)
observed a Camponotus sp. pull several eggs from a Douglas-fir tussock
moth egg mass and finally carry one away. Ants sometimes remove all
eggs from a mass of gypsy moth eggs (Campbell 1975). Mason and
Torgersen (1983), in the before-mentioned exposure of Douglas—fir
tussock moth larvae over drop-trays, noted ants as well as spiders in
the trays. The most common species were Lasius pallitarsis and
Tapinoma sessile, both small and omnivorus species that were
particularly abundant when caterpillars were young. What impacts they
had on the prey populations were apparently restricted mainly to the
first two instars, and cannot really be separated from the predation
due to spiders already mentioned.

Kim and Murakami (1983) investigated the effects of the ant,
Formica yessensis, on the pine caterpillar, Dendrolimus spectabilis, in
Korea. They carried out a number of experiments on small trees on
which specific numbers of caterpillars of different ages were placed.
If instars I to III were placed on trees from which ants were excluded
by flypaper around the trunk and other predators excluded by cages,
they suffered 377 mortality after 14 days. If the flypaper and cages
were not present, mortality went up to 46%. With an ant nest at the
base and no flypaper, all larvze were destroyed, whether or not trees
were caged. The authors felt that much of this mortality occurred when
larvae became dislodged and fell to the ground where ants were
foraging. If post-diapause pine caterpillars (instar IV and larger)
were used, mortality was never higher than 177, even with an ant nest
at the tree base. Thus, F. yessensis appeared to have a strong impact
only on young pine caterpillars.

In some situations ants hLave the greatest impact on older, not
younger, lymantriid larvae. Schmidt (1985) found that laboratory
colonies of the red wood ant, Formica polyctena, did not recognize
stage one to three of the rusty tussock moth, Orgyia antiqua, as prey.
However, ants killed almost 60% of instars four to six that were
offered to them.

Predation by ants of large gypsy moth larvae also occurs (Weseloh
in press). Gyspy moth fifth irstars were tethered by tying pieces of
thread around their bodies and anchoring these in leaf litter by means
of wire stakes. Caterpillars were placed in litter because large gypsy
moth larvae often rest here during daylight hours. These were observed
hourly for 24 hr periods. Ants, particularly the carpenter ant,
Camponotus ferrugineus, and a trown forest ant (Formica fusca group)
were observed attacking and removing up to 30% of these larvae in a 24
hr period. Ants were active bcth day and night, but mainly when the
forest floor was dry.

While it is not entirely clear what effect tethering had on these
predation rates, interpretations of preliminary data suggest that at
least the carpenter ants probakly attack free-living prey with the same
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success that they do tethered larvae. Large gypsy moth larvae may be
particularly vulnerable to such ground-foraging predators because of
their habit of resting in leaf-litter during the day.

Ants may also successfully attack pupae of lymantriids.

Torgersen et al. (1983), exposed laboratory-reared Douglas-fir tussock
moth pupae in field plots. Two kinds of predation were observed—pupae
and cocoons were either entirely removed or cocoons were torn open and
pupae were missing or in fragments. The authors attributed the former
to birds and at least some of the latter, in which pupal fragments
remained, to carpenter ants, probably Camponotus modoc Wheeler.

Because of uncertainties about how much of the predation could be
attributed to ants, their real impact remained unknown.

Carpenter ants (C. pennsylvanicus and C. ferrugineus) were often
observed to attack gypsy moth pupae placed in leaf-litter (Smith and
Lautenschlager 1981). Vertebrate and invertebrate predation could be
distinguished based on characteristics of pupal remains, and
invertebrates, with ants prominent among them, were concluded to be
important predators of gypsy moth pupae. Again, however, the impact of
ants vs. other invertebrates could not be determined readily because of
ambiguities in identifying effects due to one or another predator.

As the above survey shows, information on the impact of general
invertebrate predators on lymantriids is not definitive. (I wish to
stress that I am not trying to denigrate the efforts of researchers in
saying this, but only to point out that evaluating predation is hard to
do.) It is sometimes possible to determine that invertebrate predators
are involved, but not always which ones. Predation by invertebrates
certainly exists, and in some cases may be quite important. The
predators for which most data have been gathered are ants, and these
emerge at present as the most important ones. However, comparable
studies need to be done with true bugs, spiders, harvestmen, and other
invertebrates known to prey upon lymantriids before anything definitive
can be said about the importance of any of them. Their further study
should be encouraged, not only to fill in the "unknown" or
"disappeared" mortality categories of life-tables but to see if any can
be used as effective natural enemies. Their contributions to the
mortality of lymantriids at low densities may lead to ways to keep prey
populations low, and so enable the elusive goal of pest management to
become a reality.

CALOSOMA SYCOPHANTA, A SPECIFIC PREDATOR

Specificity in predators is probably an uncommon occurrence.
None of the predators so far considered feed only on one species of
prey. However, the carabid beetle, Calosoma sycophanta, feeds
primarily on gypsy moth larvae and pupae. C. sycophanta is not
actually monophagous, because in the laboratory and sometimes in the
field it readily consumes other caterpillars (Burgess 1911). Its
specificity is based on behavior and life history characteristics that
ensure this beetle is virtually never found except in association with
high gypsy moth densities (Smith and Lautenschlager 1981, personal
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observations). Through progeny production, it appears in some cases to
be able to cause prey populations to decrease from outbreak levels
(Bess 1961, Smith and Lautenschlager 1981, Weseloh 1985b), something
that none of the other predators are able to do. In fact, largely
because of its unique characteristics, C. sycophanta is the only
predator attacking gypsy moths which is known to have been successfully
introduced into North America from Europe. I am treating it separately
here because of these unique characteristics and because the
information known about it is different and perhaps more extensive than
for most of the other invertebrate predators.

The life-cycle of the beetle is well-adapted for preying on the
gypsy moth. Adult beetles pass the winter in soil and emerge in June
to climb trees in search of the large gypsy moth caterpillars present
then. In late June, females lay up to 500 eggs in the ground, which
hatch in 4 to 7 days. Immature beetles are active tree climbers and
feed on the available gypsy moth pupae, chewing characteristic jagged
holes in them. Larval development takes about 26 days under usual
field conditions, but feeding is often completed in the first 15 days
or so. Third instars pupate in the soil and transform to adults in
about 2 weeks. Beetles then stay in soil until the next spring
(Burgess 1911). Thus the predator's phenology is well synchronized
with that of the gyspy moth, and its dormancy through summer and winter
ensure that it need not depend on any other prey. There is even some
evidence that C. sycophanta can determine when gypsy moth numbers are
high. Vasic (1972; in Yugoslavia placed adult beetles in cells in soil
and over several years periodically re-examined them. He found that in
years when gypsy moth numbers were low, most beetles remained in the
ground, apparently dormant. Only when prey numbers were high did the
predators initiate significant activities above ground. Adult beetles
are known to live for 3-4 years, and perhaps they live longer if
dormant. Long-life would be necessary if significant numbers survive
from one prey outbreak to the next, which in North America is 8-10
years or more (Campbell 1981). Perhaps beetles emerge each year and,
if prey are not available, briefly feed on nectar and/or honeydew and
re-enter the soil. The adult beetle is known to survive well on sugar
sources such as fruits (Vasic 1972). However, the beetles are also
known to be strong fliers (Doane and Schaefer 1971), and the importance
of long-range dispersal is unknown.

In my own studies, I used a mark-recapture technique to determine
population levels and dispersal potential of beetles (Weseloh 1985a).
In a year when gypsy moths were abundant, adult beetles were active,
very visible, and produced many progeny that probably helped cause the
decrease in the prey population that occurred that year (Weseloh 1985a,
1987). The next year at this same site gypsy moths were scarce.
Calosoma adults were present in as high numbers as in the previous
year, but were very inactive and did not reproduce. Virtually no
emigration of beetles from the site occurred (Weseloh 1987), supporting
the results of Vasic (1972) that beetles in non-outbreak years are
inactive.

The number of adult beetles required to substantially affect
gypsy moth population densities is quite small, no more than about 200
beetles of each sex per ha (Weseloh 1985a, 1985b). They have a large
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impact probably because each female can produce from 200-500 eggs per
season (personal observations). These eggs are large (2.4 X 5.2 mm),
and the first instar averages 9.3 mm long. To produce such a mass of
progeny, each reproducing female consumes hundreds of large
caterpillars (Burgess 1911). While there are no data on field
hatchability of eggs or the survivorship of beetle larvae, it is known
that the soil-deposited eggs hatch only a few days after they are laid,
that first instars can travel about 2 km in search of food (Burgess
1911), and that larvae grow rapidly. Thus, there would be little time
for eggs or larvae to be killed by predators, and survivorship is
probably high. Many progeny would therefore live to destroy large
numbers of gypsy moth pupae.

The special relationship that C. sycophanta has with the gypsy
moth may be exploitable. The beetle is very seldom effective during
the first year of an outbreak, and even in older infestatioms its
incidence may be spotty (Smith and Lautenschlager 1981). This is
probably because relatively few beetles survive from one outbreak to
the next, even though they are dormant in the soil. Thus, if beetle
populations could be augmented by releasing a relatively few number of
adults into increasing prey populations, the pest might be controlled
before it has a chance to cause much damage. If this could be
demonstrated, the most important practical problem will be to obtain
enough of the beetles for releases. It can be reared, but larvae are
cannibalistic and must be handled individually, greatly adding to cost.
Trapping the beetle in areas where it is abundant may be the most
effective procedure, as a rather efficient trap alreadly exists
(Collins and Holbrook 1929).

DISCUSSION

If C. sycophanta can be used effectively against the gypsy moth,
it may also be effective against other lymantriids and other
lepidopterous pests that have life-cycles similar to the gypsy moth. I
can think of no reason why it should not thrive on any prey that meets
its requirements of seasonal availability.

The effectiveness of other invertebrate predators might be
enhanced as well. Ants are especially attractive possibilities. As
already mentioned, they have been purposefully manipulated in Europe
for biological control of forest caterpillars. Ants, however, often
tend aphids or other honey-dew producing Homoptera (Fowler and
MacGarvin 1985). Such trade-offs must be considered. To be
effectively used, more definitive information on predator ecology and
behavior is needed. Some of the research methods discussed,
particularly prey-exposure techniques, can be used to obtain such
information. Researchers should also be more willing to simply watch
individual prey and predators, as Furuta (1983) has done with paper
wasps preying on gypsy moths. I suspect that many entomologists who
are accustomed to encountering large numbers of insects in field
experiments feel that watching individuals does not produce enough
data. However, when organisms are closely observed, deep insights
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about their behavior and =ffects on population biology can often be
made. One need only look at the extensive behavioral literature on
vertebrates to appreciate the effectiveness of this approach. The
difficulties of observing small arboreal organisms are, of course, not
trivial, but the information gathered can be very valuable. I urge
researchers to follow such paths whenever possible.

SUMMARY

The importance of arthropods which prey on lymantriids is
discussed in relation to the impact of the predators on prey
populations and the methods used to assess this impact. General
predators of lymantriids are quite common, and include insects in the
,orders Hemiptera (Pentatomidae), Coleoptera (Carabidae, Coccinelidae,
Dermestidae), and Hymenoptera (Vespidae, Formicidae), as well as
spiders (various families). They only have significant impacts when
prey populations are low. Evidence on predator effectiveness is best
for the Hymenoptera and spiders. Through host-exposure techniques, the
paper wasp, Polistes jadwigae, was found to be a significant mortality
agent to large larvae of the gypsy moth, Lymantria dispar, in Japan.
Spiders feed on the small caterpillars of gypsy moths, pine
caterpillars (Dendrolimus spectabilis), and Douglas-fir tussock moths

ia pseudotsugata), but generally appear to have only a small
impact. Ants have been perhaps the best researched general
invertebrate predators. They attack primarily small _arvae of the pine
caterpillar and Douglas-fir tussock moth, but will feed on pupae of the
latter and on large larvae and pupae of the gvpsy moth. Sometimes
their impact is quite large, espacially near a nest. The carabid
beetle, Calosoma sycophanta, owing to its life-cycle and behavioral
characteristics, is quite specific to the gypsy moth and is most
important at high prey population densities. Through progeny
production, the beetle is sometimes able to cause crashes in its prey's
population. The feasibility of using releases of C. sycophanta to
control gypsy moth populations is discussed, and a plea for more
detailed study of all invertebrate predators iIs made.
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INTRODUCTION

The gypsy moth (GM), Lymantria dispar, was accidentally introduced
into North America 120 years ago, and is probably the most serious pest
of forest and shade trees in the northeastern U.S. Moreover, it
imperils other regions, notably southern forests, as it continues to
expand its range. Being an introduced insect, it was considered a
prime candidate for biological control, and efforts to import and
release natural enemies of this pest have been conducted intermittently
from 1905 to the present time.

The early work (done prior to 1960), summarized by Dowden (1962)
and by Clausen (1978), resulted in the establishment of 10 species of
parasites and one predator. Although these introduced natural enemies
were believed to have ameliorated the impact of GM to a certain extent,
primarily by retarding outbreaks and reducing their severity,
population explosions still occurred with troubling frequency.

Consequently, foreign explorations were resumed during the late
1960°s and early 1970°s in three regions: Europe, the Far East, and
India (Coulson et al. 1986, Doane and McManus 1981). Although most of
the early exploration work had been done in Europe, it was felt that
additional work there was warranted for the following reasons: (1) The
race of L. dispar in North America came from Europe (Campbell 1974).
(2) Present-day rapid transit and modern rearing techniques could
permit the establishment of species received and released in inadequate
numbers during earlier efforts. (3) Augmentation of the gene pool of
species already established in North America could increase their
effectiveness. (4) The early work in Europe stressed mass collections
in GM outbreaks (Burgess and Crossman 1929), so Tow host density
parasites possibly were overlooked (Pschorn-Walcher 1977). (5) The
southward dispersal of GM into the Middle Atlantic States raised the
possibility that suitable alternate hosts might be available for some
of those parasites requiring them that had not become established
earlier. (6) The possibility existed that a "new" or previously
untried natural enemy might be found. Exploration work in the Far East
was resumed because previous explorations there had been limited, being
confined to Japan (Burgess and Crossman 1929). Moreover, the genus
Lymantria is believed to have originated in Asia (Goldschmidt 1934);
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therefore, a mature, well-balanced complex of natural enemies could be
expected to exist there. In support of this view, Townes (1971) noted
that 25 ichneumonids had been recorded from lymantriids in Japan and
Korea alone. Because there have been examples of successful biological
control of pests by natural enenies originally associated with closely
related host species (Hokkanen and Pimentel 1984), explorations and
importations of natural enemies of the closely related Indian gypsy
moth (IGM), Lymantria obfuscata. were started during the 1960’s. In
pursuing the various lines of research associated with this biological
control project, it became apparent to us that the complexes of
parasites attacking GM in Europe, North America, and the Far East, and
IGH in India had many interesting similarities and differences, which
we review in this paper. The scope of this review is limited to
primary parasites and a few species which are facultative
hyperparasites. Because of this restriction, species which are
exclusively secondary or hyperparasites remain undiscussed.

METHODS

In certain respects, this is a review paper since we are
integrating the results of our earlier research in Europe, North
America, and India with those reported elsewhere in the literature for
these regions and the Far East. In many cases, methods used for
rearing parasites from field collected hosts are not given in the
literature. However, methods used by one of us in Europe (Drea and
Fuester 1979) are probably typical of those used by most investigators.

Since many records, particularly those in the older Tliterature,
could be faulty owing to misidentifications of parasites or
contamination of host rearing cages, we have relied primarily on our
own rearings or those which are cited recently. Although many names
cited in the older literature have been reduced to synonymy, the
taxonomy of the most important groups has been reviewed recently:
braconids by Marsh (1979), ichneumonids by Gupta (1983), and tachinids
by Sabrosky and Reardon {1976), and it has been possible to establish
the correct current name in many cases. Highly questionable recoveries
(for example, those of parasites not previously recorded from
Lepidoptera) have been omitted from our discussion.

RESULTS
Brief Description of Host Life Cycles

Both GM and IGM have similar life histories. There is one
generation per year, with the eggs hatching in the spring and the
larvae completing feeding 7-12 weeks later depending upon climatic or
meteorological conditions, population density, or host plant. Young
larvae of GM are blackish in color. Older GM larvae from Europe and
North America are mottled grey and black and may be recognized by the
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five pairs of blue spots and six pairs of red spots on the dorsum.
Older larvae from the Far East are similar, but, in addition, have
bright yellow markings on the dorsum. Older larvae of IGM tend to be
more brownish in color than those of GM. After feeding, the larvae
pupate, and adult moths emerge in about two weeks. Shortly after the
female emerges, she mates and deposits egg masses on trees, rocks, or
other objects. Females of IGM and of GM from Europe and North America
have well-developed wings but cannot fly. In the Far East, however,
adult females of L. dispar are capable of sustained flight which can
serve as a major means of population dispersal (Schaefer 1978).
Females of both GM and IGM deposit a single egg mass which bears a
protective covering of buff-colored female vestiture. The egg masses
of GM females from Europe and North America contain 100 to 1,000 eggs
with means generally falling into the 300-700 range. Larvae and adults
of GM from the Far East are somewhat larger, and egg masses tend to be
somewhat larger containing 120-1,100 eggs. On the other hand, IGM
larvae and adults tend to be smaller than those of GM, and egg masses
contain 70-500 eggs (Rao 1966).

The gypsy moth is very polyphagous, and in Europe and North
America is a defoliator primarily of hardwoods, especially oaks
(Quercus), but after the larvae are half-grown, they will attack
conifers. In the Far East, many outbreaks occur on larch (Larix
leptolepis), and other preferred hosts include oaks, persimmon
(Diospyros), chestnut (Castanea), and various fruit trees, particularly
Prunus. The IGM prefers poplar (Populus), willow (Salix), oaks, alder
§A1nus), and also defoliates apple, apricot, pear, plum, and other
fruit trees.

Although the natural distribution of GM includes most of the
Palaearctic region, its distribution in North America is Timited
primarily to the northeastern United States and adjacent areas in
Canada. The IGM is restricted to the western Himalayas of India and
Nepal. Ramaseshiah and Bali (1987) have noted that previous reports of
this species from southern India are in error.

Because of the biological differences (e.g., flight of females,
host plant preferences) exhibited by L. dispar in different geographic
areas, its taxonomy is unsettled, and Pintureau (1980) concluded from
biometrical studies that the Honshu form was a distinct species (L.

japonica), and the Hokkaido form, a subspecies (L. d. hokkaidoensis).

Inventory of Parasite Species

Inventories published for parasites of L. obfuscata in India
(Dharmadhikari et al. 1985) and of L. dispar in North America (Simons
et al. 1979) and Europe (Fuester et al. 1981) are somewhat incomplete
and do not reflect current taxonomy in all groups. No recent
inventories have been published for the Far East, except in the case of
certain groups in limited areas, e.g. the publication on tachinid
parasites of Lymantriidae in Japan by Schaefer and Shima (1981).
Coulson et al. (1986) updated many of the recent changes in scientific
nomenclature on recent importations in the U.S.

In comparing quantitative aspects of the inventories compiled for
the complexes of parasites attacking L. dispar and L. obfuscata (Table
1), numbers of both genera and species are highest (and more or less
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comparable) on L. dispar in the Far East and Europe, lowest on L.
dispar in North America, and intermediate on L. obfuscata. Obviously,
the disparity between North America, where the gypsy moth is
introduced, and the other regions would be even greazer were it not for
the biological control projects which resulted in the importation and
establishment of two species from the Far East and 10 species from
Europe, essentially half of the complex. In addition, one parasite
from the Far East, Ooencyrtus kuvanae was intentionally introduced into
Europe following its introduction into North America (Anderson 1976).
Although older Tistings show complexes numbering 100 or more species,
our lower numbers reflect the elimination of recent synonyms and
dubious records, many of which have been perpetuated in the literature
for many years.

Table 1. Numbers of parasite taxa attacking gypsy moth and Indian

gypsy moth in different regions.

Numbers of Taxa Recorded

Host Species Region Genera Species

L. dispar Far East 32 44
Europe 29 45
Ncrth America 19 22

L. obfuscata Irdia 25 36

Surprisingly, only 11 perasite

species were shared by both host

species: an egg parasite, Anastatus japonicus (= disparis); 5 Tarval

parasites, Dolichogenidea lacte

color, Cotesia melanoscelus,

Glyptapanteles liparidis, Comps

lura concinnata, and Palexorista

inconspicua; and 5 pupal parasi

tes, Brachymeria intermedia, B. lasus,

Coccyqomimus disparis, and Monodontomerus aereus. With the exception
of D. lacteicolor, C. melanoscelus, and G. liparidis, these species are
broadly polyphagous. In a few cases, species attacking IGM were
recovered from GM in Europe but not the Far East (e.g., P. inconspicua)
or vice versa (C. disparis). As expected, the similarity was greatest
between the parasite complexes of L. dispar in Europe and the Far East,
and 20 species were recovered in both regions. Most differences
involved minor, polyphagous members of the complex. Several species
known to occur throughout the Palaearctic Region have been reared from
L. dispar in Europe but not the Far East. Examples include D.
lacteicolor a parasite of Euproctis chrysorrhea, and the polyphagous B.
intermedia. However, many more studies have been made in Europe than

n the Far East, and we suspect that additional field studies would
reveal an overlap of parasite species on the order of 60%.
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fcological Homologues

In some cases, species of parasites missing from one host or
region appear to be replaced by ecological homologues, closely related
species that have life cycles very similar to those of the species
replaced. Some of these are shown in Table 2.

Table 2. Ecological homologues in parasite complexes of gypsy moth
and Indian gypsy moth.

Host Stage Genus L. dispar L. obfuscata
Attacked Europe Far East India
Egg Anastatus Jjaponicus japonicus kashmirensis
Larval Cotesia ocneriae schaeferi ?
Glyptapanteles porthetriae ? indiensis
Hyposoter tricoloripes vierecki lymantriae
Exorista larvarum japonica rossica
Pupal Brachymeria intermedia lasus both spp.

With most forest insects, major parasites are rarely absent from
different regions within the natural home of the pest (Pschorn-Walcher
1977). In our analysis, we have found a few instances where major
parasites are absent and not represented by ecological homologues
(Table 3).

Table 3. Significant lacunae in parasite complexes of gypsy moth and
Indian Gypsy Moth.(1)

Host Stage L. dispar L. obfuscata
Attacked Genus Europe Far East India
Egg Ooencyrtus kuvanae(2) kuvanae --
Larval Rogas -- lymantriae indiscretus
Meteorus pulchricornis japonicus --
Parasetigena silvestris silvestris --
Blepharipa pratensis schineri --

(1) Lacunae indicated by dashes (--).
(2) 0. kuvanae not indigenous in Europe.
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No obvious gaps were present in the Far East complex, but there
were two in Europe (0. kuvanae counted because it was imported into
Spain in 1923), and four in India. The absence of Meteorus in India
isnoteworthy because members of this genus are often important natural
enemies of Lymantriidae. An example is Meteorus versicolor, an
important parasite of the brown-tail moth, Euproctis chrysorrhea, and
the satin moth, Leucoma salicis (Clausen 1978). The absence of the
univoltine tachinids Parasetigena and Blepharipa in India is also
surprising in view of the fact that the host is univoltine.

Structure of Parasite Complexes

Pschorn-Walcher (1977) divided the parasite complexes of forest
pests into four guilds corresponding to parasitological niches: egg
parasites, larval parasites, pupal parasites, and hyperparasites. We
are inclined to follow this arrangement (omitting the hyperparasites).

Eggs of lymantriids are attacked by a variety of chalcidoids and
scelionids (Anderson 1976). The dominant egg parasites of L. dispar
are Anastatus spp. (Eupelmidae) and 0. kuvanae (Encyrtidae). Other
egg parasites frequently recorded from gypsy moth include the
scelionids Gryon spp. and Telenomus spp. from Europe (Fuester et al.
1981) and Trichogramma dendrolimi from the Far East (Schaefer et al.
1988b). These species are rare with the possible exception of G.
howardi which reportedly parasitized 75-85% of the gypsy moth eggs in
the Crimea (Mokrzecki and Oglobiin 1931).

Most larval parasites of Lymantriidae are endoparasites from three
families: Braconidae, Ichneumonidae, and Tachinidae. Small larvae of
Lymantria are attacked by braconids (Cotesia, Glyptapanteles, and
others formerly considered Apanteles), Meteorus, and Rogas), as well as
by porizontine ichneumonids (Casinaria, Hyposoter, and Phobocampe).
Large larvae of Lymantria are attacked by several genera of tachinids,
the most prevalent being Blepharipa, Carcelia, Exorista, Palexorista,
and Parasetigena. In addition, large larvae are often attacked by
multivoltine, gregarious braconids such as Glyptapanteles liparidis
(Fuester et al. 1983). In addition, a few species of gregarious,
ectoparasitic eulophids have been reported, but never in large numbers,
for example, Elachertus sp. from L. dispar in the Far East (Schaefer et
al. 1984). Larval parasites exhibit widely differing degrees of host
specificity from apparent monophagy in the case of Phobocampe unicincta
to broad polyphagy in the case of the tachinid Compsilura concinnata.

Most of the pupal parasites are polyphagous chalcidoids
(Brachymeria, Monodontomerus) and ephialtine ichneumonids
(Coccygomimus, Theronia). Some of these (e.g., Monodontomerus and
Theronia) are facultative hyperparasites.

Of special interest are the dominant members of the parasite
complex. They are often dominant by virtue of a high degree of
adaptation to the host, superior host-finding ability, high
reproductive capacity, or some other advantage.

The dominant parasites of the gypsy moth in the Far East are shown
in Table 4 together with information on rates of parasitization and
alternate host requirements. The ranges of egg parasitization shown in
Table 4 are somewhat misleading since Schaefer et al. (1988b) found
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overall egg parasitization in Japan and Korea to be rather low, on the
order of 1.3% and 10.0%, respectively. They cited large host egg mass
size, hyperparasitization by Tyndarichus navae, poor parasite dispersal
ability, and predation of host egg masses by birds as contributing
factors. They further noted a total absence of egg parasitization in
some larch plantations, which tend to be highly artificial habitats
lacking in diversity.

Table 4. Dominant parasites of the gypsy moth in the Far East.

Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed
Egg Anastatus japonicus 0-17% No

Ooencyrtus kuvanae 0-71 No
Larval Cotesia melanoscelus 0-11 No
Glyptapanteles liparidis 0-70 Yes
Rogas lymantriae 0-33 Yes
Phobocampe lymantriae 0-11 Yes
Exorista japonica 0-73 Yes
Parasetigena silvestris 0-40 No
Blepharipa schineri 0-100 No
Pupal Brachymeria lasus 0-42 Yes

Far and away the dominant larval parasite in the Far East is G.
liparidis, which has two generations per year on gypsy moth and two
generations per year on its primary alternate host, the pine
caterpillar, Dendrolimus spectabilis (Kamiya 1938). Parasitization of
gypsy moth is frequently high, greater than 20%, in both generations.
Other species often attacking significant percentages of gypsy moth
were E. japonica, P. silvestris, B. schineri, and B. lasus. About half
of the species require alternate hosts. Little is known about the
biology of many species in the Far East (Schaefer et al. 1984).

Dominant species of parasites of the GM in Europe are shown in
Table 5. As in the Far East, about half require alternate hosts.

Over most of Europe, A. japonicus is the dominant egg parasite of GM
(Fuester et al. 1981). The introduced egg parasite, 0. kuvanae, is
common in southern Europe, but is not yet abundant further north. For
example, Fuester et al. (1983) recovered only a single specimen in
Austria. None were recovered from egg masses collected in Poland
(Fuester et al. 1981). Parasitization by 0. kuvanae is generally
15-20%, and where both it and A. japonicus occur, total parasitization
is ca. 20-30%. Interspecific competition does not appear to be an
important consideration as mean rates of parasitization by A. japonicus
in areas where it occurred with and without 0. kuvanae were more or
less comparable, 9.6% and 11.3%, respectively.




Table 5. Dominant parasites of the gypsy moth in Europe.

Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed
Egg Anastatus japonicus 0-28% No

Ooencyrtus kuvanae 0-30 No
Larval Glyptapanteles porthetriae 0-48 Yes
Cotesia melanoscelus 0-42 No
Glyptapanteles liparidis 0-17 Yes
Hyposoter tricoloripes 0-32 Yes
Phobocampe unicincta 0-19 No
Exorista larvarum 0-15 Yes
Ceranthia samarensis 0-80 ?
Parasetigena silvestris 0-44 No
Blepharipa pratensis 0-77 No
Pupal Brachymeria intermedia 0-33 Yes

The European complex of larval parasites (Table 5) differs from
that in the Far East in several respects. G. liparidis is not nearly
so important as in the Far East, rates of mean parasitism for the 1st
and 2nd broods being less than 5% and 10%, respectively. The dominant
parasite of early instars is C. melanoscelus, which appears to be more
important in Europe than in Asia. Several other species are important
in certain areas: G. porthetriae in the Mediterranean area and H.
tricoloripes in central France. Although Phobocampe lymantriae, a
polyvoltine species, is also present in Europe, the univoltine P.
unicincta is far more abundant. Likewise, B. schineri is present in
Europe (Sabroskey and Reardon 1976), but is rarely recovered from L.
dispar, and the most consistent tachinids are B. pratensis and P.
silvestris. Recent host exposure studies conducted in low host densiiy
populations in eastern France by Mills (1984) show that C. samarensis,
a parasite recovered only rarely at a very few locations during the
1970°s (Fuester et al. 1981), often parasitized very high percentages
of GM. This tachinid has a partial second generation (Mills and Dewar
1988), which probably utilizes an alternate host.

A1l of the dominant parasites of the gypsy moth in North America
are exotic species that became established following their importation
as part of the biological control program to control the gypsy moth
(Table 6). Although the gypsy moth has been present in North America
for ca. 120 years, none of the native species, even those with broad
host ranges (e.g., Exorista mella) have become sufficiently adapted to
the gypsy moth to attack it consistently. With the exception of the
tachinid C. concinnata and the chalcidid B. intermedia, both broadly
polyphagous species, none require alternate hosts. It is noteworthy,
perhaps, that egg parasitization is generally much higher than in
Europe and the Far East, ca. 25-50%. It is generally felt that the
introduction of natural enemies from the 01d World has resulted in
partial control of GM (Leonard 1974, Clausen 1978).
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Table 6. Dominant parasites of the gypsy moth in North America.

Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed

Egg Ooencyrtus kuvanae 10-82% No
Anastatus japonicus 0-40 No
Larval Cotesia melanoscelus 0-50 No
Phobocampe unicincta 0-30 No
Compsilura concinnata 0-60 Yes
Parasetigena silvestris 0-80 No
lepharipa pratensis 0-56 No
Pupal Brachymeria intermedia 0-67 Yes

The dominant species in the parasite complex attacking the Indian
gypsy moth appear in Table 7. The most striking differences between
the complex of parasites on Indian gypsy moth and those on the gypsy
moth are (1) significantly overall lower parasitization on Indian gypsy

moth, and (2) the much higher proportion of species that require
alternate hosts.

Table 7. Dominant parasites of the Indian Gypsy Moth

Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed
Egg Anastatus kashmirensis 0-30% No
Larval Glyptapanteles indiensis 0-30 Yes

Cotesia melanoscelus 0-25 Yes
Glyptapanteles flavicoxis 0-15 Yes
Glyptapanteles liparidis 0-15 Yes
Hyposoter lymantriae 0-8 Yes
Rogas indiscretus 0-25 Yes
Exorista rossica 0-25 Yes
Palexorista spp. 0-30 Yes
Pupal Brachymeria intermedia 0-30 Yes
Brachymeria lasus 0-20 Yes

Only one egg parasite of any significance, A. kashmirensis, is
present, and rates of parasitization are more or less comparable to
those observed in Europe. Although recorded from IGM, A. japonicus is
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very rare (Dharmadh1kar1 et al. 1985). The gregarious braconids, G.
flavicoxis and G. liparidis seem to occupy similar parasitological
niches the former dominating in the Kulu Valley, and the latter in
Kashmir. Weseloh (1982) noted that the Indian strain of C.
melanoscelus differs from the U.S. strain in not having a
photoperiodically induced diapause in the cocoon stage. This appears
to be due to the fact that the Indian strain can readily attack satin
moth which occurs on the same host plants (Salix and Populus) when
gypsy moth larvae are no longer available. The ichneumonid H.
lymantriae achieves high parasitism in localities where cool humid
weather prevails. In this respect, it resembles H. tricoloripes in
Europe. The polyphagous tachinids, E. rossica and Palexorista
inconspicua, appear to be the most consistent parasites.

Role of Parasites in Host Population Dynamics

In North America, only a few long term studies have been made on
the impact of parasites on populations of L. dispar. Bess (1961)
working in New England and New York from 1937 to 1945, concluded that
parasites were not as important as predators, but that C. melanoscelus,
B. pratensis., and C. concinnata appeared to be the most important
species. He further noted that B. pratensis did poorly in xerophytic
areas where populations of the moth are 1ikely to be high. Egg
parasitization generally was 20-340%, but there was no density dependent
relationship with host abundance. Ticehurst et al. (1981) working in a
first cycle outbreak in Pennsylvania concluded that the parasite
complex had been ineffective in preventing host populations from
reaching outbreak levels but that high parasitism by B. intermedia
together with nucleopolyhedrosis virus and stress had contributed to
the collapse of the host population and that high parasitism (60-70%)
by tachinids, primarily P. silvestris, during the post-culmination
period had been responsible for reducing populations to very Tow
Tevels. However, the results of Elkinton et al. (1988), presented
elsewhere in these proceedings, suggest that parasites may play an
important role in regulating low populations of GM in North America.

In Europe, there are instances where parasites appeared to be the
major factor causing gypsy moth outbreaks to collapse: G. liparidis in
the USSR (Burgess and Crossman 1929), G. porthetriae in Poland (Burgess
and Crossman 1929) and Yugoslavia (Vasic 1958), and B. pratensis in
France (Fuester, unpublished data). Studies in Yugoslavia (Sisojevic
1975) and Austria (Fuester et al. 1983) indicate that the oligophagous,
univoltine tachinids B. pratensis and P. silvestris are major factors
in reducing populations during the first and second pcst-culmination
years of the gypsy moth gradation, respectively. Siscjevic (1975) alsc
noted that polyphagous, polyvoltine species such as E. larvarum and C.
concinnata are dominant during the latent and progression phases of the
host gradation. Outbreaks of gypsy moth seem to occur most frequently
in southern Europe (Spain. Sardinia, Corsica, and Yugcslavia), and in
some cases, appear to result from collapse of the natural enemy
complex. MWorking in Yugoslavia, Maksimovic and Sivcev (1984) found
that they could maintain populations of natural enemies (primarily

G.porthetriae and Cotesia melanoscelus) during the Tatent period by



511

adding eggs of L. dispar to test plots. The increase in abundance of
natural enemies that resulted from a steady supply of gypsy moths kept
populations of the pest at low levels.

There have been relatively few studies on population dynamics of
the gypsy moth in the Far East, but there are reports of outbreaks
being triggered by unusual weather conditions (Nomura 1947), sunspot
activity (Kono 1938), and fluctuations in numbers of parasites and
predators (Ishii 1941). Parasites do not appear to be as important as
birds in maintaining sparse populations, but Furuta (1981) noted that
R. lymantriae and E. japonica produced significant density-dependent
mortality at certain localities. Disease organisms, primarily NPV and
the fungus Entomophthora, generally cause outbreaks to terminate. High
rates of parasitization have been reported frequently for G. liparidis,
E. japonica, and B. schineri (Table 4), but the stage of the gradation
is seldom indicated, so it is difficult to evaluate the effectiveness
of these species or the extent to which they regulate Tow populations.

Very few studies have been conducted on the impact of parasites on
the Indian gypsy moth. The only in-depth studies were life tables
developed by P. R. Dharmadhikari and the late V. P. Rao (Dharmakhikari
1972), which are discussed elsewhere in these proceedings (Mills
1988). In brief, the most important parasite over most of the study
appeared to be E. rossica followed by "Apanteles" spp., Palexorista
spp., and B. intermedia. Although generational mortalities ranged from
89-99%, the residual populations often were sufficient to produce high
populations the following year.

DISCUSSION

The parasite complexes attacking gypsy moth in Europe and the Far
East appeared to be the most complete and well-balanced (Tables 4 and
5), but even the one in Europe had a few lacunae (Table 3). Since the
most complete complex of natural enemies should be present in a pest’s
native land, this lends credibility to the theory that L. dispar had
its origins in Asia. The complex of parasites of Indian gypsy moth
appeared to be relatively immature being composed largely of mildly and
broadly polyphagous species with only one species, A. kashmirensis,
entering diapause and having no need of alternate hosts. It appears
possible that L. obfuscata represents the remnant of an accidental
introduction of L. dispar to the Indian subcontinent during antiquity.
Were it not for the introduction of parasites from Europe and the Far
East, the complex of parasites attacking gypsy moth in North America
undoubtedly would be very depauperate, since about half of the srecies
presently known would be missing.

Though many of the most important members of the the parasite
complexes attacking gypsy moth in Europe and the Far East are
monophagous or oligophagous species that do not require alternate
hosts, some important species, notably G. porthetriae in Europe and G.
liparidis in Asia, do have such requirements. Studies by Vasic (1958)
and Fuester et al. (1983) suggest that, in certain localities, these
species may be important in maintaining sparse populations of gypsy
moth. Alternate hosts of G. liparidis are well known, but those of G.
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porthetriae are not (Marsh 1979). Stocking patterns using trees
preferred by alternate hosts of these or other important species would
probably result in higher attack rates on L. dispar and could become an
effective method of conserving or augmenting natural enemies.

Since most of the dominant parasites of the gypsy moth in Europe
and the Far East have already been introduced (successfully or not) in
North America, there are only limited possibilities for future
importations. Many of the most promising species that failed to become
established did so because of stringent alternate host requirements.

It might be worthwhile to attempt development of strains of these
parasites that would attack North American species closely related to
their habitual alternate hosts by artificial selection.

Since there appears to be a dearth of well-adapted oligophagous
species attacking the Indian gypsy moth, it appears logical to attempt
the introduction of univoltine species such as P. unicincta, B.
pratensis, or P. silvestris. Since parasitism by 0. kuvanae is
" negatively correlated with egg mass size (Brown & Cameron 1979), and
egg masses of L. obfuscata are smaller than those of dispar, it seems
possible that Q. kuvanae could prove to be an effective parasite of L.
obfuscata.

Although efforts to obtain biological control of the gypsy moth
have been beneficial, they have not been 100% successful. It is
possible that new approaches in augmentation, classical importation, or
conservation may provide improved control. However, the question
arises as to whether it is worthwhile to attempt bioiogical control of
Lymantriidae. According to Clausen (1978), classical importation
projects directed at the satin moth in the U.S. and Canada were
successful. Concerning the project directed against the brown-tail
moth in New England, he noted that a decline in moth populations
followed the importation of natural enemies from Europe, but that the
proper evaluation work was not done, and that an in-depth assessment of
the mortality factors affecting the pest should be made.
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SUMMARY

Lymantria dispar, the gypsy moth, and Lymantria obfuscata, the
Indian gypsy moth, are defoliators of deciduous trees, the former in
the Far East, Europe, and North America (where it is introduced), and
the latter in northwestern India. The parasite complexes attacking
gypsy moth in the Far East and Europe had the most species whereas that
on the gypsy moth in North America had the least. The number of
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species attacking Indian gypsy moth was intermediate. Species
attacking the gypsy moth in the Far East and Europe seemed to be better
adapted to their host than those attacking the Indian gypsy moth. A
sizeble proportion of the former were oligophagous having no alternate
host requirements, but most of the latter were polyphagous and required
alternate hosts. O0ligophagous parasites seem to be good at stabilizing
host populations following outbreaks, whereas polyphagous species may
play at least a minor role in maintaining sparse host populations or
slowing down their increase.
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INTRODUCT ION

Accurately measuring the Impact of parasltolds on
pest Insects Is an Important component of entomologlcal
research. Values of percentage parasltlism, calculated
In varlous ways, are used for purposes such as
estimating the effectlveness of Inundatlve paraslitold
releases, determining the effect of management
treatments on paraslitism levels, and constructing IIfe-
tables. In many studles, howéver, Insufflclent thought
Is glven to the methods used to derlve values of
percentage parasltism and the blases that affect them
(Van Drlesche 1983). For thls reason, the results of
many prlor attempts to estimate parasltold Impact on
lymantrilld populatlons are dlfflcult to Interpret and
have been generally unsatisfactory. In addlition,
researchers have often not been sufflclently speclflc
when describlng methods used to obtaln values of
percentage parasltlism.

The Impact of a parasltold on Its host populatlion
can be measured In two ways. One can measure the
proportlon of Indlviduals that enter the host stage(s)
susceptible to paraslitism that are ultimately attacked
by parasitolds (stage-speclflc paraslitism) or the
proportlion of Indlviduals present at the beglinning of a
time Interval that are attacked during the Interval
(time-speclfic parasitism). Most of the values of
percentage paraslitism reported In the !lterature purport
to estIimate the stage-speclflic Impact of parasltolds but
these values are often severely blased. These blases
can be the result of elther host and parasltold
populatlon phenologles and mortalltlies or blases
Inherent In the method of calculating percentage
paraslitism. In thils paper we wlll review the advantages
and dlsadvantages of each of four methods for estimating
stage-specliflc percentage parasltism that have been used
In the past (peak sample percentage paraslitism, “pooled"



518

percentage paraslitism, the graphlcal method of Southwood
& Jepson (1962), and dlrect measurement of host and
parasltold recrultment) and one method for estimatlng
time-speclflc parasltism which has recently been
developed (tIime-speclflc k-value analysls).

Method 1: Peak Sample Percentage Parasltlsm

Thls method Involves collecting a serles of samples
of hosts and dissectling them or rearing them untll they
dle or molt to a non-susceptlble stage. Most often,
values of percentage paraslitlism for such samples are
calculated as the number of parasltlzed hosts dlvided by
the total number of hosts In the sample. The largest
value of percentage parasltism (the "peak" when graphed)
Is often used as an estlmator of the Impact of the
parasltold (e.g. Tlcehurst et al. 1978 for Lymantrla
dispar L. and Dharmadhlkarl et al. 1988 for Lymantrla
obfuscata Walker). Values of peak percentage parasltlsm
are not necessarlly good predlictors of stage-speclflc
parasltlism, however. Values of parasltism seen In
samples are easlly blased by the pattern over tIime of the
recrultment of hosts and parasltolds Into the sampled
stages, thelr relatlve rates of mortallty In the sampled
stages, and the timing of host and parasltold molt to
thelr next |lfe stages (Van Drlesche 1883).
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Only under certaln condltlions does peak percentage
paraslitism accurately estimate stage-speclflc parasltlism.
This can by seen by conslidering a serles of examples
drawn from Van Drlesche (1883) In which stage-specliflc
paraslitism was set at 50%. Flrst consider Case | where
1) host recrultment to the susceptible stage |Is complete
prlor to the beglinning of parasltold oviposltlion, 2) no
hosts molt to a nonsusceptlible stage during the samplling
perlod, 3) mortallty of parasltlzed and healthy hosts Is
the same, and 4) parasltold recrultment and parasltold
emergence do not overlap (Flg. 1). Under these
condltlons, there exlists a perlod of time after
paraslitold oviposlition Is complete and prior to the start
of parasltold emergence when sample percentage paraslitism
(the peak value) accurately reflects the level of
parasitism for the susceptible stage. Samples must be
taken frequently, however, so that the peak value is not
missed.

Frequently the condlitlions just described are not met
and values of peak percentage paraslitism do not
accurately reflect stage-speclflc levels of parasltlism.
For example, |f unparasltlzed hosts develop to the next
|1fe stage during the sampling perlod more rapldly than
parasltolds develop In and emerge from the hosts and If
only the susceptible stages are belng sampled,
parasltlzed hosts wlll be over-represented In samples.
This Is due to an artificlal concentration of parasltlzed
hosts that results from longer residence times of para-
sltlzed hosts (as compared to healthy hosts) In the set
of animals from which samples are drawn. Thls causes
values of percentage parasitism to overestimate actual
parasltold Impact (Flg. 2, Case I11). The greater the
proportlion of unparasltlzed hosts that leave the suscep-
tible stage, the greater the error wlll be In overestl-
mating paraslitism. Unparasltlzed hosts may leave the
susceptible stage faster because thelr development to the
next host stage requlires fewer heat unlits than Is
requlired for parasltlzed hosts to reach the polint of
parasltold emergence. The same result may occur If
mortallty of unparasltlzed hosts (by other mortallty
agents) |Is greater than that suffered by paraslitlzed
hosts. Alternatively, |f parasitlzed hosts develop to
thelr next stage faster or suffer hligher levels of
mortal lty than healthy hosts, sample percentage
parasitism values wlll be depressed rather than Inflated.

Another process that can affect values of peak
percentage parasitism |Is the degree to which paraslitold
oviposltlion and parasltold emergence overlap (Flg. 3,
Case 111). For example, |If the Immature stage of a
particular specles of parasltold Is relatively brlef but
adults are long llved, consliderable overlap of
oviposltlon and emergence may occur. If such overlap
occurs, there Is never a polnt In time when all
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parasltlzed hosts occur together in the population and
are avallable for samplling. In such cases, peak values
of sample percentage parasitism always underestimate the
stage-specific level of parasitism.
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In cases where hosts enter the susceptiblie stage
gradually and concurrently with parasitold oviposlitlion,
leave the susceptible stage concurrently with parasltold
emergence, or both, percentage parasitism wlll be higher
than In Case | during both the recruitment period and the
period when host are advancing to the next stage (Fig. 4,
Case 1V). If nelther paraslitold oviposition and emer-
gence nor host recrultment and advancement to the next
stage overlap, a period may exlist when the peak percent-
age parasitism accurately represents the stage-specific
parasitism level. There |Is no reason, however, for such
precise timing to occur and In most systems It Is |lkely
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that hosts and parasltolds wlll gradually enter and leave
the system resulting In complex overlapplng patterns
(Flg. 5, Case V). When thls occurs, values of peak
percentage paraslitism do not estimate stage-speclflc
levels of parasitlsm because sample percentage parasltlism
at any glven moment results from the net balance of four
competing processes (cumulatlve parasltold oviposlitlion,
parasltold emergence or death, host recrultment, and host
loss due to advancement or death) and bears no relatlon-
ship to values of stage-speclflc parasltism.
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Reprinted with permission from Environmental Entomology.
Copyrlight 1983, Entomologlcal Soclety of Amerlca

Two advantages of usling values of peak percentage
paraslitism are that they are easy to measure and It Is
not necessary to estimate the number of Indlividuals
entering a stage. Peak percent paraslitism can be a good
estimator of stage-specliflc paraslitold Impact but only
under speclflc condltlons. Knowledge of the phenologles
of host and parasltold recrultment and loss are essentlal
before values of peak percentage parasltism are used to
estimate losses from parasltolds.



Two alternatlve uses of values of sample percentage
parasltlism sometimes employed are to take the mean
percentage parasltism of a serles of samples (l.e.
Weseloh & Anderson 1975 and Weseloh et al. 1983 for L.
dispar) or to take only one sample of a glven |Ife stage
to estimate parasitism (1.e. Mason & Torgersen 1987 for
Orgxla pseudotsugata McDunnough) . From the prevlious
dlscusslon It follows that such values have a greater
probabl lity of belng blased than peak values and should
be avolded.

Method 2: “Pooled" Percentage Parasltlsm

The most common method of estimating stage-speclfic
parasltold Impact Is to use values of "pooled" percentage
parasltism (e.g. Barbosa et al. 1975, Reardon 1976,
Tlcehurst et al. 1978, Blumenthal et al. 1979 for L.
dlspar; Massod!| et al. 1986 for L. obfuscata: and Kukal &
Kevan 1987 for Gynaephora groenlandlca Wocke). “Pooled”
percentage parasltism Is calculated as the total number
Oof parasltolds emerging from hosts in a serles of samples
dlvided by the sum of all the hosts collected. It Is not
clear what thls value means In terms of stage-speclflc
parasltism. Some of the samples are taken when values of
sample percentage paraslitism are Increaslng because of
parasitold oviposltion and some when these values are
decreasling due to parasltold emergence. By poollng these
samples wlth samples taken at the time of peak percentage
paraslitlism one Is essentlally taklng an average of sample
percentage parasltism durlng the perlod of parasltold
occurrence. I f "pooled"” percentage parasitism Is
calculated for Case | (Flg. 1) where there are no
compllcatlons due to host or paraslitold phenologles,
parasltold Impact Is underestimated as 32% (stage-
speclflc paraslitism was set at 50%). Another potentlal
problem Is that some samples may Include rosts that were
not susceptlble to paraslitold attack because they were
too young or too olc when collected to be acceptable to
parasltolds for oviposltlon or because they were
collected prlor to the seasonal onset of rarasltold
oviposlitlion. The coemblnatlon of these two blases wllii
nearly always lead to underestimates of the stage-
speclflc Impact of parasltolds.

In general, "pcoled" percentage paraslitism wlill
accurately estimate generatlonal paraslitism only for
nondynamlic systems where each sample can be consldered a
repllcate estimating a flxed condltlon (e.g. estimating
egg parasltism In L. dispar from a serles of samples
taken durling the late fall after paraslitold attack has
ceased). Thls method should not be employed as a means
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of estimating stage-speclflc paraslitism levels for
dynamlc systems.

Method 3: Southwood & Jepson's "Graphlcal" Technlque

The "graphlcal" method of Southwood & Jepson (1962)
can be used to estimate numbers of hosts, parasltoids or
both that enter speclfled stages of a glven generatlion
(Bellows et al. 1988, 1989). To make such estimates, the
number of Insects per sample unlt Is plotted versus
accumulated degree-days as measured In the fleld. The
area under the resultling curve has unlts of Indlviduals *
degree-days and when dlvided by the number of degree-days
requlred for complete development of an Indlvidual,
estimates of the number of Indlviduals that entered the
stage are obtalned. Stage-speclflc paraslitism estimates
can be constructed from thls approach by dividing a
graphical estimate of numbers of parasltlzed hosts by a
graphlical estimate of total hosts (In which counts of
parasltlzed and healthy hosts are pooled). Thls approach
assumes that belng parasltlzed does not change the
resldence time of the host In the stage used to calculate
total hosts, an assumptlon that may be true for some
specles and stages, but expllcltly Is not true for all
cases. Thls method has been employed to date only In a
few cases (Garglullo & Berlsford 1983, Schnelder et al.
1988, Van Drlesche et al. 1989) and only once In studles
of Lymantrildae (Kolodny-HIlrsch et al. 1988, In a study
of Inundatlve releases of Cotesla melanoscela).
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Flg. 6. The effect of mortallty on estimates of the area
under the curve and thus numbers enterling a stage.
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The use of the Southwood & Jepson graphical method
Is complex and |s subJect to significant biases. In
general, the Southwood and Jepson technlque assumes that
there Is elther no mortality durlng the stage or It
occurs only at the end of the stage (Southwood 1978).
Mortal ity occurring during the samplling period leads to a
depression of the curve and to an underestimate of the

number of Indlviduals entering the stage. In a simulated
population (Flg. 6), 800 Individuals enter a stage which
Is subject to sampling. If there |Is no mortality (Illne

A) the area under the curve divided by the developmental
time accurately estimates that 800 Individuals entered
the system. In the case where mortality occurs
throughout the stage (llne B), the curve Is depressed and
an estimate of only 600 Indlviduals results. As

mortal ity Increases so does the degree of blas |In the
resultant estimates of numbers entering the stage. When
the technique Is used to estimate both the number of
hosts and the number of parasltolds (l.e. parasltlzed
hosts) blias derlves from: 1) mortallty of healthy hosts,
2) mortallty of parasltlzed hosts, and 3) the degree of
paraslitism. The Interrelatlonships of these biases have
been examined |n detall oy Bellows et al. (1988) and the
method should only be applled to systems where blases are
minimal .

Another potentlial problem with the use of the
Southwood & Jepson graphical method Is that developmental
rates of Individuals are usually calculated In the
laboratory under condlitions of constant temperature.
Measurements of degree-days agalnst which numbers per
sample unit are plotted are taken In the fleld under
conditions of fluctuating temperatures. In additlion,
temperature measurements are usually of a general amblent
temperature; not necessarlly of the mlcrocl Imate
temperature experienced by the Insect. Lance (1987)
found that the temperature of larvae In an outbreak
population was 2-6°C warmer than those In a low-density
population and that this temperature difference was due
to density-related shifts In mlcrohabltat. Laboratory
studies Indicated that thls temperature difference could
lead to a developmental dlfference of 1-2 weeks.

The Southwood & Jepscn graphlical method, whlle
potentlally useful, has signiflcant risk of misuse |f ap-
plled without careful conslderation of the blases
Involved as determined by the blologles of the speclflic
species under study. Alsc, to obtaln an accurate
estimate of the area under the curve, samples must be
taken frequently. This may not be possible for some
speclies of lymantrilds where sampling |Is extremely labor
Intensive.
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Method 4: Dlrect Assessment of Host and
Parasltoid Recrultment

Dlrect assessment of host and parasltold recrultment
provides a record of both total hosts and of parasltold
oviposltlion. Thls latter feature contrasts with the
previously dlscussed methods which Infer levels of
parasltold oviposltlion from observatlons of parasltold
emergence. Estimatling parasltism from emergence data can
be misleadlng |If other mortallty agents are selectlve In
thelr attack on elther parasltlzed or healthy hosts.
Dlrect assessment of host and parasitold recrultment Is
the only method that Is not subject to thils difflculty.

Methods to assess recrultment of herblvores (l.e.
hosts) have been developed for a varlety of specles (e.g.
Blrley 1977, Van Drlesche & Bellows 1988, Lopez & Van
Dr lesche 1989). For L. dispar total host recrultment to
the flrst Instar may be determined by multiplylng
estimates of the numbers of egg masses per ha by the
number of larvae hatchlng per egg mass (Buonaccors!| &
Llebhold 1988 and Gould et al. In preparatlion).
Recrultment to the pupal stage for L. dlspar has been
estIimated by recording the number of new pupae appearlng
In small areas over short Intervals of time. The numbers
of new pupae per sample unlt that are recorded durlng
each Interval are summed to obtaln the total number of
Indlviduals enterling the pupal stage for the generatlon
(Gould et al. In preparatlon, Weseloh, personal
communlicatlion).

Methods to dlrectly assess recrultment of
parasltolds to thelr Immature stages have been developed
more recently (e.g. Van Drlesche 1988a,b, Lopez & Van
Drlesche 1989). Two general approaches to measurlng
parasltold recrultment exlst. One Is to dissect fleld
collected hosts to detect some brlef, early stage In the
Il fe cycle of the parasltold such as the egg or flilrst
Instar larva, the duratlon of whlch may be determlned
under laboratory condltlons (Van Drlesche 1988a, Lopez &
Van Drlesche 1989). There Is a rlsk, however, that small
parasltolds may be over looked when hosts are dlssected.

An alternatlve approach Is to deploy laboratory
reared hosts In the fleld as trap hosts. After exposure
to parasitold ovipositlion In the fleld for IImlted
Intervals of time, trap hosts are recollected and
dissected or reared to detect the proportlon that were
attacked by parasltolds durlng the perlod of exposure.
Parasltold recrultment for each Interval I[s then
estimated as the attack rate on trap hosts times the
denslty per sample unlt of unparasltlzed, susceptlble
hosts In the fleld populatlion. Total recrultment of
parasltolds Into the susceptlble stage for the generatlon
Is then estimated by addling together the estIimates of
recrultment over all successlve Intervals durlng which



paraslitold oviposltlon occurred. Percentage paraslitlsm
for the stage Is then estimated by dividing the number of
parasltolds recrulted by the number of hosts that entered
the susceptlble stage across all sample perlods.

A baslc assumptlon cf thls approach Is that trap
hosts are dlrect equlvalents of fleld hosts. Factors
such as trap host Instar, denslty, pattern of occurrence
In the environment, etc. may make trap hosts more or less

susceptlible to paraslitold attack. The sultablllty of
trap hosts versus fleld hosts should therefore be

exper imentally verlfled (Van Drlesche 1888a). The trap
host approach Is most often employed for sesslle |lfe

stages (e.g. Torgersen et al. 1985 for eggs of Orgyla
pseudotsugata McDunnough and Weseloh 1872 for eggs of L.
dlspar). The use of thils technlique Is more difflcult
when mobile host stages are Involved because paraslitlsm
rates can be affected by host behavior (e.g. Gould et al.
In preparatlion) and because recovery of trap hosts may be
difflcult to achleve |f hosts move from the release
locatlon. We have found that recrultment estimates of
parasltlism by Cotesla melanoscela Ratzeburg and
Parasetlgena sylvestrils Roblneau-Desvoldy greatly
underestimated the level of paraslitism of L. dlspar
larvae (Gould et al. In preparatlion).

For specles where accurate sampllng procedures can
be developed to measure host and parasltold recrultment,
thls approach provides the most robust means of assessling
stage-speclflc losses from parasltlism of any of the
methods dlscussed In thls paper. It Is not subject to
complex or amblguous blases and |s easliy computed and
Interpreted. We recommend |ts use whenever possible.

The blology of many host/paraslitold systems may, however,
make |ts use Impractical.

Method 5: Time Speclflc K-Value Analysls

Because of the problems assoclated wlth the use of
methods 1-3 and because clrect assessment of recrultment
Is not always possible, an alternatlive approach has been
developed by ElklInton (In preparatlion). Thils approach
has advantages over Methods 1-3 Iin that It Is not
affected by host and parasltold phenologles, estimatlions
of host and parasltold numbers are not necessary, and It
estIimates the proportlon of hosts attacked by a glven
paraslitold, not the proportlon that are ultimately
kllled. Thls method conslists of quantifylng mortallty
over time Intervals rather than over speclflc stages or
Instars. Samples of hosts are taken at glven Intervals
(e.g. weekly) wlthout regard for the stage or Instar of
the Indlviduals collected. Indlviduals In each sample
are reared under fleld ccndltlons untll the next sample
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is taken and the number of hosts that dle due to each
specles of parasltold during the Interval Is recorded.
From these data estimates of the proportlon of hosts In
the natural populatlon that die from each parasltold
during each Iinterval can be obtalned.

Except for the method of direct assessment of host
and parasltold recruitment, most methods of estimating
parasltold Impact Ignore the Issue of simultaneous attack
by more than one mortallty agent. When hosts paraslitlzed
by more than one paraslitold are collected and reared (or
dissected after considerable paraslitold development), one
species |Is usually detected and consldered to be the
cause of mortallty and there Is no evidence of attack by
the other species. The method of ElkiInton (in
preparation) expands upon the method developed by Royama
(1981) and allows calculatlon of the simultaneous k-
values or percent mortallitles of each agent (see Royama
1981 for a full description of the method). "Marginai
probablllty values" are calculated which are greater than
the mortalities actually observed In rearlngs because
they are estimates of the proportlon of hosts that would
have been kliled by each paraslitold Iin the absence of
mortal Ity from the other simultaneous agents. In the
method of ElklInton these values of the marginal
probablilty of mortality are calculated for each
interval, for each parasitold specles. They are then
used to calculate k-values (Varley & Gradwell 1960,1968)
for each time interval. K-values are then summed over
all intervals to obtain the estimate of the total Iimpact
of each parasltold on the host population for the
generation.

DISCUSSION

Many Lymantrlids are major forest pests and
considerable effort Is expended to gain Improved
understanding of their populatlon dynamics. Conclusions
from such research Influence management decisions, yet
estimates of the slgnliflcance of parasltolds as sources
of mortallty In such systems are often based In part on
values of percentage parasltism derlved using Methods 1-

3 These estimates, unfortunately, may be severely
bilased and the impact of parasltolds may not be
accurately assessed. It Is Important for researchers to

have a good understanding of the temporal patterns of
host and parasltoid recrultment and loss and other
posslible biases such as mortallty, behavior of trap
hosts, etc. before choosing the most approprliate method
of estimatling paraslitold Impact.
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SUMMARY

Accurately estimating the Impact of a parasitold
species on the popuiation dynamics of Its host Is a
cruclal component of much of the research on species of
Lymantrllds. We review four techniques for estimating
stage-specific parasltism that have been used |In past
studles and one technligque for estimating time-specific
parasitism that has recently been developed. We conclude
that the use of values of peak sample percentage
parasitlism and the Southwbood and Jepson graphlcal method
Is appropriate for some systems but these methods can be
. subject to significant blases. Knowiedge cf the temporal
patterns of host and paraslitold recruitment to and exit
from the stages susceptible to parasitism as well as
mortallties suffered by host and parasltold populations
Is essential before these methods can be utllized

effectlvely. The method of “poollng" estimates of
parasitism across a series of samples Is a common
approach but such values have Ilttle meaning and this

method Is not recommended for dynamic systems. We
recommend direct assessment of host and paraslitold
recrultment to the host stages susceptlble to parasitlsm
whenever possible but In many Instances this may be
difficult. When dlrect assessment Is nct possible the
use of a recently developed mehtod (time-sgpecific k-value
analysls) |Is recommended as an effectlve technlque for
estimating losses due to parasltism.
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MODELS FOR THE POPULATION DYNAMICS

OF LYMANTRIA DISPAR

Katharine A. Sheehan, USDA Forest Service,
P. 0. Box 3890, Portland, OR 97208 USA

INTRODUCTION

The many advances in computer technology during the past 25 years,
in combination with the increased quantitative understanding of
population dynamics, have sparked the development of computer models
that simulate the population dynamics of several forest insects. Among
the Lymantriidae, such models have been developed primarily for the
gypsy moth, Lymantria dispar (L.), and the Douglas-fir tussock moth,
Orgyia pseudotsugata (McD.). Because of space limitations, this review
has been restricted to models of gypsy moth population dynamics.

Computer models of biological systems are often classified as either
empirical or process models, although many other sets of names have had
greater popularity in the past (Bruce, in press). The former usually
are regression-based models developed from direct measurements of each
variable of interest in the system. Process models generally
incorporate current knowledge of the biological, chemical, and physical
processes that affect the system being simulated; often the primary goal
of process models is a better understanding of the system or the ability
to extrapolate from observed conditions to situations that are currently
unmeasurable (Bruce and Wensel, 1988). Applying the term "empirical" to
the former category of models mistakenly implies that empirical elements
are never included in process models, so I prefer the term "regression-
based". Most population dynamics models are really mixed models because
they incorporate both empirical observations and theory about the
processes involved, so that a continuum exists between the two extremes
(Bruce and Wensel, 1988; Bruce, in press).

Models from the full continuum -- simple regression models to
complex process models are covered in this review. Mathematical models
that may not be available as computer programs are also included because
advances in programing languages and increasing programing skills among
researchers often allow rapid, easy translation of a mathematical model
to computer code. Models that simulate within-generation processes that
affect the population dynamics of gypsy moth are also covered; these
models sometimes serve as the foundation for multi-generation population
dynamics models.
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WITHIN-GENERATION MODELS

Phenology

Several models are available to predict the timing of gypsy moth
development and host foliage growth within a season based on weather and
other factors. Most are process models that use stand-wide averages of
daily minimum and maximum temperatures as weather input.

Johnson et al. (1983) predicted the dates of first and median egg
hatch using a degree-day based model. In field tests conducted in New
Hampshire, predicted dates of egg hatch initiation closely matched
observed dates for 2 of 3 years; egg hatch started about 1 week earlier
than predicted in the third year !Johnson et al., 1983).

To simulate the pattern of egg hatch, Waggoner (1984) incorporated a
delaying function, by which the development of certain portions of the
gyspy moth egg populaton is delayed each day, into a Poisson function.
This model predicted a skewed pattern of hatch that is characteristic
for gypsy moth. The stardard dev:iation for differences between observed
and predicted dates of mean egg hatch was 2/3 day in laboratory studies,
and was smaller for this model than for a degree-day model.

Larval and pupal development was simulated by Casagrande et al.
(1987) based on temperature-dependent development rates; they also used
Weibull functions to describe the distribution of development times of
individuals. Parameters for this model were based on data from gypsy
moths reared on white oak foliage. and the authors provided indices
based on the literature for development on other hosts relative to
development on white oak. Tests of this model against independent data
from both laboratory- anc field-reared gypsy moths revealed close
agreement (roughly 5% error) between observed and predicted development
(Casagrande et al., 1987).

Models for predicting the timing of budbreak and leaf growth for six
eastern hardwood species were presented by Valentine (1983a). Either
degree-days (budbreak, leaf growth) or calendar-days (leaf growth only)
were used as independent variables. No tests against independent data
were conducted, but for leaf growth the mean square errors were much
smaller for the degree-dey model | .005-.066) than for the calendar-day
model (.012-.082) (Valentine 1983a).

Published data on gypsy moth phenology and the Valentine (1983a)
host phenology model have been incorporated into a comprehensive
phenology model developeé by Sheehan (in review). This degree-day model
uses daily minimum and meximum temperatures to simulate sets of cohorts
of female and male gypsy moths from egg hatch to adult emergence, by
host species. During an initial test of this model, differences between
observed and predicted detes ranged from 0.2 to 2.6 days for egg hatch
initiation, 1 to 3 days for early larval development, and 0.3 to 4.0
days for budbreak initiation (Sheehan, in review).

Growth

Gypsy moth growth anc consumption within a season have been
simulated by Valentine ard coworkers in a series of differential
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equation models. Five state variables were used in Valentine et al.
(1976) : number of gypsy moths per hectare, average larval weight (g),
cumulative foliage consumption by gypsy moths (kg/ha), actual foliage
present (kg/ha), and potential foliage (kg/ha that would be present if
no defoliation occurred). A daily time-step was used, gyspy moth growth
and consumption parameters were based on larval rearings on artificial
diets, and potential foliage growth parameters were estimated to meet
expected final foliage amounts (kg/ha).

Subsequent models refined and extended portions of the initial
model. A degree-day based model that simulated larval growth and
consumption was developed from field observations on two red oaks
(Valentine and Talerico, 1980). Additional mortality sources
representing virus, starvation, other density dependent factors, and
insecticides were added to the initial model, which was then linked to a
forest growth model in Valentine (1981). Budbreak and leaf expansion
models were developed for six hardwood species by Valentine (1983a) as
described earlier. The sensitivity of this model to a series of
assumptions regarding gypsy moth response to changes in foliage quality
is described by Valentine (1983b). Although the refined models
performed well against the data from which they were developed
(Valentine and Talerico, 1980; Valentine, 1983a), they have not been
tested against independent data.

Density, Location

Multiple-regression models have been developed to predict maximum
density of third and fourth instars and the proportions of larvae and
pupae found in different resting locations. Maximum larval density (per
.01 ac) was predicted as a function of distance to the nearest egg mass,
number of egg masses at that distance. bark flap density, and oak
density (Campbell et al., 1975; R"=.57). The density and proportions
of fourth through sixth instars were predicted for four resting
locations (bark flaps on oak, other locations on oak, litter, and other
locations) using two variables that reflect average life stage (Campbell
et al., 1975; range in R°=.66-.99). All of these models were
developed from sparse, stable populations in Eastford, CT.

Dispersal

Dispersal of newly-emerged first instars has an important role in
the population dynamics of gypsy moth (Mason and McManus, 1981), and
several models simulating first instar dispersal have been published.
None of these larval dispersal models have been tested against
independent data.

Mason and McManus (1981) developed an atmospheric dispersion model
which predicted that most larvae disperse short distances (within 400m)
and that the few larvae that traveled long distances landed within 1 km
for non-mountainous terrain and within 3 km for mountaineous terrain.
Settling velocity was modeled by McManus and Mason (1983) as a function
of larval weight and silk length based on laboratory observations.



Taylor and Reling (1986) developed a simple mod=l that calculated
horizontal displacement of larvae based on wind spe=d, updraft duration,
and velocities for updrafts, downdrafts, and larval settling; during
wind speeds of 25 km/hr (which s probably the upper limit above which
gyspy moth dispersal declines [McManus and Mason, 1983]) and using
velocities reported in the literature, their model predicted long range
dispersal of 5-19 km. Based on aerial samples taken over one location
in one year, Taylor and Reling i(1986) also reported a model that
describes the log-linear relationship of aerial density of larvae and
height above sea level; using this model and previous egg-mass counts,
they estimated that about 0.3% of newly-hatched larvae became airborne
and thus possibly subject to long-range dispersal.

A three-dimensional, stochastic wind model was linked to a
trajectory and Gaussian puff model for larval dispersal by Fosberg and
Peterson (1986). In 300 simulations of disperal given springtime wind
patterns characteristic of a currently infested coastal California area,
transport greater than a few hundred meters occurred in 2% of the
simulations. Fosberg ané Peterson (1986) then used their model and the
range of settling velocities reported by McManus and Mason (1983) to
predict the dispersal patterns associated with long-range transport.
They estimated that the centroid of the distribution of dispersed larvae
would range from 7.2 km (for a settling velocity of 120 cm/s) to 21.0 km
(for a settling velocity of 40 cm/s); given an initial source of 1
million dispersing larvae, their model predicted that maximum larval
densities in long-range transport episodes would rangs from 49 to 14
larvae per hectare.

Mortality Sources

Models of mortality that occurs during the course of a season have
been developed for certain specific mortality causes (primarily egg
parasites and pathogens) and for certain life stages.

The population dynamics of Ooencyrtus kuvanae (Howard) (Hymenoptera:
Encyrtidae), a parasite of gypsy moth eggs, was simulated in a model
developed by Brown et al. (1982). Using a Leslie matrix approach for
this multivotline parasite, this model accounted for the effects of
egg-mass size and density, mutual interference, and age-specific
parasite fecundity. Predictions of 0. kuvanae densities closely matched
observed parasite densities in gypsy moth outbreaks, but became poorer
as gypsy moth densities declined. The authors concluded that 0. kuvanae
was not food limited, and that thcugh it may be ar important mortality
source during outbreaks, J. kuvanae's reduced host-finding capacity and
the decreased proportion >f eggs available for parasitism in large egg
masses have limited its effectiveness at low gypsy moth densities.

The within-season effacts of nucleopolyhedrosis virus (NPV) and
Bacillus thuringiensis (Bt) on gypsy moth populations have been
simulated by Valentine and coworkers. Valent:ine and Podgwaite (1982)
modified the differential equation model of Valentine (1981) to include
changes in the densities of healthy and virus-infected larvae and
changes in polyinclusion-2ody density on foliage, bark, or litter during
the course of the larval stage. Effects of Bt application were
incorporated into the model of Valentine (1983b) by Valentine et al.
(1986), who then analyzed the influence of gypsy moth density and timing
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of Bt application on the net rate of gypsy moth increase. Valentine et
al. (1986) reported that the optimal application date was very sensitive
to the density-dependent mortality rate.

Campbell has reported a series of regression models that predict
age-specific mortality rates based on studies conducted in two
locations. Eastford, CT populations (a well-established infestation)
were sparse and stable, while the densities of Glenville, NY (a newly-
infested area) fluctuated tremendously during Campbell's studies.

Except as noted, none of these models has been tested against indepen-

dent data. Age-specific mortality models developed by Campbell include:

* proportion of small larvae (first through third instars) that survive

tg fourth instar, a function of inital egg density (Campbell, 1976;

R® = .47 for Glenville, NY and .98 for Eastford, CT)

percent of large larvae (fourth through sixth instars) that die from
disease, a function of the density of newly-hatched first instars
and site moisture index (Campbell, 1963a; Glenville, NY)

percent of large larvae that die from NPV and that survive but carry
sublethal doses of NPV, a function of the percent of large larvae
that die from disease (Campbell, 1963a; Glenville, NY)

proportion of large larvae that survive to tBe prepupal stage, a
function of egg density (Campbell, 1976; R® = .25 for Glenville,
NY and .49 for Eastford, CT) or the density of Bewly-hatched first
instars (Campbell et al., 1977; Eastford, CT, R“=.58)

proportion of larvae that survive specific portions of the large
larval stage, a function of the proportion of larvae in different
resting locations, the current lifestageg, and average life stage
(Campbell et al., 1977; Eastford, CT, R“=.58)

proportion of prepupae that die from desiccation, a function of the
number of eggs per mass at the end of the current generation (used
as an estimate of relative density during the current generation)
(Campbell, 1963a; Glenville, NY)

proportion of pupae (male and female combined) that survive to
adults, a function of initial egg density (Campbell, 1976;
Eastford, CT, R = .85)

percent mortality for female and male pupae, a function of the number
of eggs per mass at the end of the current generation (Campbell,
1963b; Glenville, NY)

percent mortality for female pupae caused by Ichnuemonid parasites, a
function of egg density at the start of the generation (Campbell,
1967; Glenville, NY, R°=.82)

Fecundity

A strong relation between pupal fresh weéght and adult fecundity has
been reported by Hough and Pimentel (1978, R® = .99). Their model has
been validated by Sheehan et al. (in preparation) using published
observations of pupal weights and fecundity.

Other regression models that use gypsy moth density during a
generation to predict fecundity at the end of a generation have been
developed by Campbell. Based on data from Glenville, NY -- a relatively
new infestation -- the number of eggs deposited per female was reported
as a function.,of egg density at the start of a generation (Campbell,
1967, 1976; R°=.72 and .80, respectively) or the density of newly-
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hatched larvae (Campbell, 1963a). A model based on the stable,
Eastford, CT populations showed low corrslation between initial egg
density and fecundity (Campbell, 1976, R® = .21).

Campbell later developed a regression model that predicted the
number of eggs per mass at the end of a generation based on the number
of fourth instar lgrvae per hectare present during the generation
(Campbell, 1978; R“=.71). This Glenville, NY model was compared to
data sets from other sparse populations (Campbell, 1981). No
significant differences were found between data sets from Glenville and
from well established populations within the generally-infested area,
while the differences between Glenville populations and those from newly
infested areas or Cape Cod, MA (where repeated outbreaks have occurred)
were statistically significant (Campbell, 1981).

Sex Ratio

Several regression mcdels for pupal sex ratios have been reported.
Based on a data set from Glenville, NY, Campbell described the
percentage of females amcng pupae as a function of the percentage of
disease and desiccation among larvae and pre-pupae (Campbell, 1963b) and
as a function of egg density, precipitation in June, and the percentage
05 white oak foliage among the total overstory foliage (Campbell, 1967;
R“=.73). Mauffette and Jobin (1985) predicted the proportion of males
among pupae based 02 larval density as measured by either Srass boards
during late June (R® = .76) or tarpaper during mid-July (R = .74).

Campbell (1976) reported two models that predict adult sex ratio
based on initial egg density. 2One model was based on data from sparse
populations in Eastfogd, CT (R™ = .97), while the other was based on
Glenville, NY data (R® = .60). None of the models for pupal or adult
sex ratios have been compared tc independent data.

MULTIPLE-GENERATION REGRESSION MODELS

Several models have been developed that use regression analysis to
predict changes in gypsy moth numbers from year to year. Specific
variables that are predicted across generations include egg density,
egg-mass density, or changes in generation trend. Table 1 summarizes
the factors included in several regression-based models, which are
briefly discussed below.

Generation Trend

Campbell and Sloan (1978b) presented models that used egg density at
the start of generation n to predict the trend in density from
generation n to n+l. Because significant differences were found between
data sets from an area with sparse, stable populations (Eastford, CT)
and a recently invaded areg (Glenville, NY), separate models were
developed for each area (R° = .71 and .68, respectively). When each
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Table 1. Summary of attributes included in re%ression-based models for
multiple generations of gypsy moths.

Egg

Trend Density Egg-Mass Density
Attribute CS1 _CS2 CS1 Cs2 C1 Cl B C2 7L

Egg Density [} [} 0
Egg-Mass Density 0 0 0 0 0 0
Other GM Attributes (] [ ] 0 0
Weather [ ] ] 0 0 0
Stand Attributes 0 [} [}
Tested 0 [ ]

o CS1 = Campbell and Sloan (1978b), CS2 = Campbell and Sloan (1978a),
Cl = Campbell (1967), B = Biging et al. (1980), C2 = Campbell (1973),
and ZL = Znamienski and Liamcev (1983).

data set was compared to a subset from the IPS sytem of plots (an
independent data set), significant differences in density-trend
relationships were found (P<.01-.05), although visual inspection of the
models did reveal general similarities.

A second model form that predicted egg density trend was reported by
Campbell and Sloan (1978a), who used both egg density at the start of
generation n and the coefficient of variation in egg density as
independent variables. Data from the Glenville and IPS data sets of
Campbell and Sloan (1978b) were used to develop this model. No test
against independent data was conducted for this model, nor were any
estimates of goodness of fit provided.

For situations in which fecundity estimates are not available, these
authors also presented models that predicted egg-mass density trend
using initial egg-mass density either alone (Campbell and Sloan, 1978b)
or with the coefficient of variation in egg-mass density and the amount
of precipitation in June (Campbell and Sloan, 1978a). Both models were
developed from the Melrose Highlands data set, which is described by
Campbell (1973b) and Biging et al. (1980). The R” values for the
first model form (using egg-mass density as the only independent
variable) ranged from .23 to .51, and no comparisons were made with
independent data sets for either model.

The Melrose Highlands data was also used by Campbell (1973b) to
develop a series of tables that listed the proportion of observations in
each egg-mass trend category (increasing five-fold, decreasing five-
fold, or intermediate) as a function of zone egg-mass density, stand
egg-mass density, and the previous year's trend category.



Egg Density

Campbell (1967) presented a model that predicted egg density for
generation n+l as a function of egg density for generation n,
precipitation in June during gzneration n, and the percentage of
overstory foliage represented by swamp white oak. .The Glenville data
set was used to develop this model, which had an R value of .48; no
comparisons to independent data sets were reported.

Egg-mass Density

The Melrose Highlands data has been used to develop several models
that predict egg-mass density. Campbell (1967) developed separate
models for the periods from 1910-1921 and 1922-1930; both models
calculated egg-mass density as functions of egg-mass density in
generation n and precipitation in June. No tgsts against independent
data were conducted for these models, whose R~ values were .35
(1910-1921) and .37 (1922-1930).

Campbell (1973a) later reported another set of regression models
based on the Melrose Highlands data, in which egg-mass density was
predicted separately for poor food stands (with more than 50% of the
overstory foliage composed of species that are not preferred by gypsy
moths) and oak stands (with at least 50% of the overstory foliage
composed of oaks). A second model for oak stands used only variables
that can be observed by March 1 of a given year. Independent variables
used in these models were gypsy moth density (egg-mess density at the
start of generation n, percent of the surrounding zone with >500 and
>5,000 egg masses per acre, and previous egg-mass trend), stand
conditions (total foliage per acre; percentzge of overstory foliage in
three host categories -- most preferred, intermediate, and least
preferred; percentage of overstory foliage in the red oak or white oak
groups, and percentage of dominant trees in the stand in the most
preferred host category), weather conditions (precipitation in May for
generation n and in June for generation n-1, and m2an minimum
temperature for the coldest month experienced by generation n), and
defoliation (stand-wide percent defoliation caused bty generation n, agd
percent defoliation of food class A caused ty generation n-1). The R
values for these models ranged from 0.66 to 0.74, and no comparisons to
independent data sets were made.

Biging et al. (1980) used the Melrose Highlands data to develop a
multiple-regression model that was tailored to tree species found in
Wisconsin. These authors predicted egg-mass density at the start of a
generation based on egg-mass density and weather data for the preceding
two generations plus a stochastic error term based an observed mean
square errors for egg-mass density. Weather variables included
precipitation and temperatures for May and June, and mean winter
temperatures. Separate models were developed for six host groups that
were common to Wisconsin. Biging et al. (1980) ran a set of 10 or more
simulations for each host group using weather data from 11 weather
stations in Wisconsin, reporting the results as state-wide hazard maps.
Models for all species groups consistently predicted higher populations
in northern Wisconsin; the authors speculated that winter temperatures,
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which played a relatively minor role in the Melrose Highlands models,
may play a much different role in Wisconsin. This model has not been
compared to an independent data set.

In the USSR, several models that use gypsy moth, weather, and stand
variables to predict egg density (egg quantity per 100 shoots) have been
developed by Znamienski and Liamcev (1983). Separate models for all
stands, oak stands only, and mixed stands were developed, with the
following independent variables: number of eggs per mass, egg-mass
density, and egg weight for the previous generation; mean temperatures
for July-August and May-August, minimum temperatures for May, and the
ratio of the minimum temperature for May to the 10-year average.minimum
temperature for May; and the proportion of oaks in the stand (R” =
.87-.88). Because egg weight is often not available to pest managers, a
fourth mogel that did not include this variable was developed for all
stands (R = .85). When this latter model was tested against
independent data from three other areas, predicted densities closely
matched observed densities.

Valentine and Campbell (1975) linked the egg-mass density model of
Campbell (1973a) with other submodels that simulated defoliation and
tree condition. Five state variables (egg-mass density, population
trend, defoliation last year, and the percentages of the surrounding
area that contain high and low egg-mass densities) plus a stochastic
element were used to estimate defoliation. Transition probability
matrices from Campbell and Valentine (1972) were used to estimate the
effects of defoliation on tree condition and mortality. This model was
intended to be a decision-making tool for forest managers who were
considering gypsy moth suppression.

MULTIPLE-GENERATION PROCESS MODELS

Table 2 summarizes the general features of several process-oriented
models that simulate gypsy moth populations for multiple generations.
The objectives of most of these models were either to synthesize current
knowledge and guide research and/or to project long-term impacts of
gypsy moths in currently uninfested areas where forest conditions may
differ greatly from those found in the northeastern United States.
Accurate predictions were generally not objectives of these models, and
none of them have been tested against independent data. These models
are reviewed in approximate order of publication.

One of the earliest process models for gypsy moth was developed by
Picardi (1973), who simulated female gypsy moth and Ichneumonid
densities based on available literature and the guidance of a consulting
entomologist. Six mortality sources were included: egg parasites,
disease, small mammals, birds, Calosoma, and Ichneumonids. Sex ratio
was simulated as a function of disease mortality, and both gypsy moth
density and available foliage were used to calculate fecundity. The
regular, 8-year cycles predicted by this model were due primarily to the
actions of Ichneumonids, which were modelled as a delayed,
density-dependent mortality source, and the density-dependent functions
for disease and predation. Several pest control options were simulated,
including insecticide application, mating disruption via pheromone
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Table 2. Summary of attributes 1nclu§ed in process models for multiple
generations of gypsy moths.

Attributes P M/S \' E Br By S
Weather 0 0 [}
Foliage [ [ ] [ ] [ ] [ ] [

Growth,/Consumption (] [ [] 0 0 0 [
Dispersal [ ] [ ]
Sex Ratio [ ] [ ] 0 0
Fecundity [ ] 0 [ ] [} [ ]
Stand Model 0 0 0 [ [ ]
General Density- [ ] (] (] (] [
Dependent Mortality
Predators/Parasites @ 0 [
Starvation [ [ 0
NPV-natural [ 0 0 0 0 [ 0
Insecticides (] 0 0 0
Other Controls 0 0 [ ]
il

P = Picardi (1973), M/S =
(1981), E = Etter (1981), Br
(1987) S = Sheehan et al. (

Valentine

Morse and Simmons (1979), V =
= = Byrne et al.

Brown et al. (1983), By
in preparation).

release, and a combination of both insecticide and pheromone
application. Picardi's (1973) mcdel predicted that insecticide use
would lead to 2-3 year cycles with tremendous population fluctuations,
while pheromone release would lezd to gypsy moth extinction after 25
years (if used alone) or 15 years (if used in combination with
insecticides) .

Another early process model concerning gypsy moth was developed by
Morse and Simmons (1979) to explcre the results of alternative gypsy
moth management strategies. Their forest submodel used site quality,
species composition, stocking, and average tree size to predict amounts
of foliage present. Foliage consumption was predicted by a gypsy moth
submodel using stage-specific mortality rates and consumption rates. A
stochastic feature of ths gypsy moth mortality section initiated
outbreaks when population densities were low. Tree mortality was
simulated as a funciton of site quality, current defoliation, and
defoliation history for the previous two years. Morse and Simmons
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(1979) concluded that annual aprays for eradication would fail because
gypsy moth populations would persist at low densities during spray years
and would rise once spraying stopped.

Brown et al. (1983) developed a simple process model to examine the
effect of 0. kuvanae on gypsy moth population dynamics. Mortality
factors other than the egg parasite included NPV, vertebrate predation
of pupaej—amd—=a—rgermeral density dependent mortality factor. Foliage was
assumed to be unlimited, and environmental factors were assumed to be
constant and optimal for gyspy moths. Brown et al. (1983) compared
simulations with and without egg parasitism using their model, Picardi's
original model (Picardi, 1973), and Picardi's model modified to include
three other parasites and to update the egg parasite and pupal parasite
sections. Both the Brown et al. (1983) model and the original Picardi
model predicted regular outbreak cycles, with 0. kuvanae lengthening the
time between outbreak, prolonging the duna:;gn_gﬁ_gu;hzeaks_ and
lowering the average gypsy moth density over time by several orders of
magnitude. In simulations with the modified Picardi model showed the
egg parasite did not affect average gyspy moth density but did alter the
regular 2-year cycle (in the absence of the egg parasite) to an
irregular, acyclic pattern. Variation in parasitism rates predicted by
all three models was found to be similar to that found in two
independent data sets.

Two population models were briefly described by Etter (1981): a
simplified NPV compartment model, and a more complex process model. The
latter model simulated gypsy moth and host phenology, gypsy moth growth
and foliage consumption, and mortality caused by NPV and by other
factors. Etter (1981) reported that the process model was very
sensitive to the degree of synchrony between budbreak and egg hatch, but
details of this model have not been published.

To assess the influence of gypsy moths on existing oak forests,
Valentine (1981) linked a forest growth model with a gypsy moth
population model. Tree volume growth was modelled as a function of
photosynthate production, which was assumed to decline when defoliation
occurs, and respiration. Increased tree mortality was also simulated
following defoliation. Valentine et al.'s (1976) model of gypsy moth
growth and foliage consumption was the basis for the population model,
to which mortality sources representing starvation, NPV, and other
density-dependent factors were added. Application of either NPV or
insecticides could be simulated. In 16-year projections with no
defoliation, predicted basal area closely matched observations. The
gypsy moth portion of this model was most sensitive to parameters
affecting larval growth and consumption and foliage phenology.

Another forest-gypsy moth model was developed by Byrne et al. (1987)
to explore potential long-term impacts of gypsy moth populations on
succession in North Carolina forests. They used Johnson's (1977) forest
succession model to simulate 12 forest types, each with 3 tree-size
classes. Based on species composition, forest types were assigned to
one of three preference groups, and gypsy moth populations were
simulated using development times and mortality rates that varied with
lifestage and preference group. Additional gypsy moth mortality due to
first instar dispersal, starvation, and NPV was also included. For all
but the least preferred hosts, this model predicted that gypsy moth
populations would increase steadily until they reached densities that
trigger a NPV epidemic and subsequent population crash. Forest
mortality was simulated as a direct function of defoliation in the
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current and previous years. Byrre et al.'s (1987) model predicted
short-lived outbreaks at approximately 8 year intervals, with outbreak
frequency and severity largely controlled by forest composition.

The most comprehensive forest-gypsy moth model developed to date is
the Gypsy Moth Life System Model (GMLSM), which was initially developed
through a series of workshops (McNamee and others, 1983) and later
extensively revised and expanded (Sheehan, in press; Sheehan et al., in
preparation). This degree-day model uses daily weather to drive the
development of gypsy moth cohorts, foliage, and certain parasites.
Within GMLSM, a stand submodel that was modified from previously
existing stand models (JABOWA, from Botkin et al. [1972] and FORET, from
Shugart and West [1922]) translates defoliation into effects on tree
growth, mortality, and recruitmert; a wide range of silvicultural
treatments may be simulated. To predict defoliation, the gypsy moth
submodel predicts gypsy mcth growth and foliage consumption (based
largely on Valentine and Talericc [1980]), foliage growth (taken from
Valentine [1983a]), larval movement, and fecundity. Mortality sources
that may be simulated by the GMLSM include: NPV (either
naturally-occurring or applied), Bt, four predator groups, six parasite
species, starvation, released pheromones, insecticides, or released
sterile eggs or males. Aside frcm the gypsy moth and host phenology
sections (Sheehan, in review), this recently-developed model has not
been tested; testing will become a major emphasis in the ongoing work on
this model.

SUMMARY

A wide range of mathematical models has be=n developed to simulate
the population dynamics of gypsy moth. The primary goal of some of
these models has been to forecast gypsy moth dsnsities, while other
models were developed to summarize existing knowledge, guide research,
or predict what might occur in areas quite different from the current
North American infestations. Twc alternative approachas have generally
been used: regression-based models, which use regression analyses to
identify statistical relationships among obserwved variables, and process
models, which quantify and incorporate the biological, chemical, and
physical processes that affect pcpulation dynamics.

Potential users of these models often face a dilemma. Regression-
based models that are available in the literature generally have been
developed for only a limited numter of locations and y=ars, often
include variables that can not be used in other areas (such as specific
tree species with limited distritutions), and cannot r=adily be modified
to eddress new questions. On the other hand, process models that have
beer developed often include variables that are not. easily measured,
generally are either very complex (and difficult to interpret or
evaluate) or very simple (with results obviously dictated by model
structure and parameter values), and in many cases only cover a portion
of the system under study. Only a small proportion of the models using
eitker approach have been tested, especially for multiole-generation
models.

Both approaches to modeling -- regression-based versus process --
have inherent strengths and weaknesses, and the best caoice for a given
situation depends on the objectives of the user, available data, and
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current biological understanding of the system. The large number of
untested models described in this review is a tribute to the need for
model builders to place greater emphasis on model testing.
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Phyllis S. Grinberg and William E. Wallner, USDA Forest Service,
Northeastern Forest Experiment Station, Hamden, CT 06514 USA

Following each presentation, a 15-minute discussion period
encouraged the expression of views and observations by participants.
These discussions identified unresolved issues and indicated where
additional research is necessary for their clarification. Statements
made were not necessarily endorsed by all attendees and comments were
recorded and later synthesized into general topics as follows.

OUTBREAK PERIODICITY

Is there outbreak periodicity for different species of
Lymantriidae? In Europe, outbreaks of the nun moth are related to
drought, particularly in forests that are not optimal for the
insect. High summer temperatures preceded by low spring temperatures
appear to be good predictors of outbreaks. There is a possible
sunspot relationship for nun moth in Europe; defoliation often occurs
2 years following sunspots. In New England there appears to be local
periodicity of 7-9 years between gypsy moth outbreaks. There is
intensive defoliation by gypsy moth followed by years of decline.
This pattern seems to occur from west to east in the state of
Connecticut but has not been documented elsewhere.

The actual periodicity of gypsy moth outbreaks has not been
proven. It has been suggested that periodicity shown on a spatial
scale disappears when examined on a time scale. In Europe, where
annual surveys of life stages of the gypsy moth are measured over the
same area, periodicity of population peaks has been observed, but
these peaks do not necessarily produce defoliating outbreaks. In the
United States, where defoliation is used as the criterion for
assessing outbreaks, population peaks are often missed and it has
been difficult to demonstrate population periodicity. There is a
need to look at the Eurasian and U.S. data on a similar scale
(population peaks or defoliation, or both) to determine whether
periodicity exists.

SYMPATRY OF LYMANTRIID SPECIES

Where there is sympatry of the brown-tail moth and the gypsy
moth in Europe, the brown-tail moth tends to be displaced. The
latter will relocate if gypsy moth already has stripped trees of
foliage needed for egg deposition by the female brown-tail moth.

This may have contributed to the decline of brown-tail moth
populations in the United States. Mechanical destruction of nests
has continued in the United States since the 1920's, but it is
unlikely that this alone is responsible the population decline.

There is no effective method for surveying areas where the brown-tail
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moth once occurred and there still may be residual localized
populations that have gone undetected. Pathogens introduced against
the brown-tail moth may have been the primary reason for its
reduction. However, habitat/host relationships appear to limit the
distribution of brown-tail moth to coastal regions of Europe and the
United States. Are these regians less favorable to other lymantriids
so that sympatry is less intensive or is weather limiting survival to
these discrete habitats? Is there evidence of other sympatric
interactions, such as with Douglas-fir tussock moth and other Western
United States lymantriids?

POPULATION DENSITY ESTIMATES

While protocols have been developed and others are being
evaluated for low-density sampling of several lymantriid species,
universal techniques are lacking. Factors that complicate this
problem include differences in behavior and development of low- and
high-density populations; effect of the spatial scale and forest
physiography; and a poor understanding of the role of dispersal. All
of these have a bearing on the size of research study areas.
Dispersal also is important when assessing spray techniques. In the
ridge and valley system of Pennsylvania the gypsy moth appears to
have a greater range of dispersal than was previously reported. It
has been difficult to evaluate spray efficacy in subsequent years
because even in blocks of 1,000 hectares, reinvasion makes it
difficult to distinguish the boundary of sample or treatment areas.
This raises the question of the magnitude of the spatial scale of the
sample area. What is the ideal sampling unit? The individual tree?
A hectare plot? When sampling Lymantriidae, there always is the
possibility of migration into or immigration from trees. Cooperation
with other researchers to establish tests and evaluate standardized
techniques internationally would be beneficial.

HOST AND STAND RELATIONSHIPS

It is generally agr=ed that host type, condition and stand
structure influence various Lymantriidae. Yet we lack a complete
unjerstanding of these complex relationships. Host choices of the
nun moth differ in various countries. In Japan, the nun moth
develops fastest on larch; in Europe there are orly small larch
stands and nun moth outbreaks rarely begin there. Nun moth does not
generally pose a problem in Western Europe, but in the French Alps,
an outbreak of nun moth began on larch. Three outbreaks of nun moth
ars known in this century--usually triggered by a2 period of dry
weather. However, where there are larch stands in an area of
outbreak, the trees are defoliated but the larch produces new
neadles. When defoliation of spruce exceeds 80 percent, trees die;
spruce stands are killed in the first year of the outbreak, pine
trees survive one defoliation, and larch stands survive. Development
of the caterpillars is faster on larch. A suggested reason for the
dezline in outbreaks of the nun moth on pine in the second year of
defoliation is that the insect consumes the new flowering buds, which
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depletes food in the following year. One generation consumes the
food for the next generation causing the outbreak to die out.

The issue of the relationship of pollution and insect pests was
addressed. In Oregon, there seemed to be no relationship between
reduction in pollution and pest outbreaks. In fact, in recent years
the worst tussock moth outbreaks have occurred despite improved air
quality. The relationship between the Mount. St. Helen's eruption
and a reduction in populations of Douglas-fir tussock moth and
western spruce budworm is believed associated with ash deposits on
the foliage.

There appears to be a similarity in host composition and stand
structure in forests that are traditional epicenters for gypsy moth
outbreaks. In fact, the physiography of susceptible stands in New
York and Vermont are similar to outbreak sites in China and Crimea,
U.S.S.R. Are there consistent habitat requirements for the
Lymantriids per se? If so, how can factors associated with forest
physiography be used by researchers and pest managers worldwide?

FECUNDITY

How important is the assessment of fecundity in Lymantriidae?

In latent populations there is little difference in fecundity from
one year to the next on a single host plant, but fecundity would vary
significantly from host plant to host plant. Temperature also
influences fecundity. It is not clear at what spatial scale
fecundity should be calculated. Use of eggs per unit area will vary
by forest type and condition. For example, species stands such as
are found in Europe would probably require a different spatial scale
than multispecies stands.

Do all Lymantriidae produce large numbers of eggs capable of
outbreak proportions? Some species deposit their eggs intermittently
(this is true of species that feed on grasses and sedges) while
others deposit all of their eggs at one time. Some species are
destined to outbreak; others seem to avoid it. Comparison of
outbreak and nonoutbreak species on the basis of egg deposition
characteristics and larval aggregations would be useful in
understanding population dynamics and predicting outbreaks.

FEMALE FLIGHT

For gypsy moth, the difference between a descending flight,
which more resembles a flutter of wings as the insect descends to a
resting location (as found in the United States and Western Europe)
and an ascending flight, where the insect can choose a variety of egg
deposition sites, (as found in Eastern U.S.S.R. and Asia) is not
clearly understood. There appears to be diminution in flight ability
from Eastern to Western U.S.S.R. and only flightless females are
found in the Federal Republic of Germany. One would expect that in
those cases where the female has lost the ability to fly, dispersal
is not lost but shifts to a different life stage, such as
first-instar larvae. In Japan, deposition of egg masses by flying
females is not affected by density. Nothing is known about the
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sonme females fly and others do not. Information is needed on the
ecological correlates of wing reduction and dispersal and mate
finding. Patterns of defoliation associated with difference in
flying and nonflying female gypsy moth populations need to be
assessed with respect to adult flight and vagility.

BIOLOGICAL CONTROL

Is biocontrol successful? Some parasites introduced into the
United States are successful against several Lymantriids. However,
thare has been no documentation that parasites have been instrumental
in reducing outbreaks or maintaining Lymantriid species at low
levels. It is not clear whether the recent change in distribution
and behavior of the brown-tail moth on Cape Cod, Massachusetts is due
to the collapse of unknown control factors or whether a period of
adjustment is required before an introduced pest increases
dramatically.

What is considered "unknown" mortality by Tachinids might be
overlocked. This would occur when a parasite attacks a larva that
dies without producing a parasite. The difference between mortality
in sites which favor Tachinids and those that do nct might be
correlated with this unassessed mortality.

There is considerable concarn about the methods of determining
percent parasitism. In the past, parasitism has been expressed as
either the highest sample percent parasitism value or an average of
all sample values. Since there are often large tiases associated
with these methods, a new method has been developed which uses "K
values" which are calculated for short periods of time and added
together to give the total impact of the parasitcid. It is apparent
that there is a need for uniformity in reporting parasite assessments
both in the field and the laboratory.

What is the proper spatial area to measure &nd what resolution
is most appropriate for parasites? Should they be studied at a
different resolution than that for predators? In fact, habitat has
significant effects on tae predator community in that extreme
differences can be expected within short distances. Thus, the role
of predators must be evaluated carefully with respect to habitat
variation.

How should predation be ass2ssed? For example, some small
mammals are effective insect predators that in turn are preyed on by
other animals. These relationships must be understood as insect
managerent schemes are d=veloped. This is true for the deployment
and assessment of bird n=st boxes as nest boxes may be used by
animals other than those intended.

With the use of Bacillus thuringiensis {Bt) there is the problem
of extended egg mass hatch period combined with a short effective
period of Bt in the field. In the Western United States, 3-4
applicztions are used in field trials. The terrain in treated areas
often encompasses a rang= of elevations. This mekes it difficult to
monitor individual sites where the geographic area is large and the
hatch is sparse. An important question is why spray programs are not
initiated before pest populations become too large. The answer seems
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to be that it is difficult to obtain a financial commitment for such
programs when populations are low. In the Northeastern United States
much of the land is privately owned, making it difficult to obtain
the necessary cooperation.

Should virus control be attempted for the brown-tail moth? In
one report, the treatment area was 10-20 square meters. It is too
early to determine whether virus control is economical. Reporting of
results should be uniform as differences in formulation and
application must be taken into account. Also, dosage (weight or
international units) should be reported consistently.

The methodology of treating gypsy moth eggs with NPV varies. In
the Federal Republic of Germany, there is no attempt to treat all of
the egg masses--just enough to transport the virus into the
population. This was recommended for isolated infestations. It is
not recommended for large gypsy moth outbreak areas.

Infection of adults by gypsy moth NPV has not been determined
completely. A sublethal dose of NPV fed to larvae with no evidence
of NPV in the next generation does not necessarily mean the virus was
not transmitted. Efforts should be made to determine the presence of
the virus in the adult (female) stage of generation one.

Microsporidia evaluation is ongoing and needs input from studies
of other populations in Europe. There is a need to clarify the
taxonomy of the isolates on hand. The role of introduced
microsporidia into North American gypsy moth populations requires
careful assessment. Possible adverse effects from introduced
microsporidia include: sublethal effects such as lower percent hatch,
reduced fecundity, higher mortality of progeny in infected females,
and poor mating of males. Spatial and temporal effects of
microsporidia may have an impact on other factors such as parasitism
and overwintering. Research on the spread of microsporidia from
inoculated areas is being considered in the United States.

Currently, only isolated infestatiobs can be treated. In the
laboratory, these microsporidia infiect other Lepidoptera. But even
though they could infect another host, microsporidia may not
necessarily cause an epizootic. How microsporidia move between
species would be an important line of international research.

GENETICS

Is the gypsy moth polymorphic since there are several known
races? Controversy exists over the application of this term to
certain insect species since polymorphism, when defined loosely as
"distinct forms" conflicts with the classic genetic definition of
"single gene difference." There is a need for a more accurate
definition of terms.

There is a possibility (unconfirmed) that some gypsy moth
escapees from Asia to the Western United States were not eradicated.
However, they may not be identified easily if they occur in low
numbers. The goal is to delineate the populations in Asia to see
what differences can be identified. Genetic markers can answer some
of the questions of origin if one is willing to devote the time and
money involved. Through collaboration it is possible to look at
populations from a genetic point of view for Oregon or other
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subpopulations of gypsy moth in the United States. It has been
suggested that no difference would be found without the use of
high-resolution genetic analysis. The techriques for this analysis
have been refined and now there is a need for samples from diverse
areas. There are problems involved in crossing different populations
of gypsy moth for control purposes. Genetic manipulation has
inherent problems and it has been suggested that this is not a viable
strategy. This is an area of research which would require a
multinational cooperative effort.
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